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PART II—SUMMARY OF COMPLETED PROJECT (FOR PUBLIC USE) 
Various methods for observing stratospheric aerosols and gases 
provide a world-wide capability for quasi-routine observations. 
With additional coordinated efforts, data sets provided by those 
observations can be used to increase our knowledge of the spatial 
and temporal variability of the stratospheric constituents and to 
quantify their effects on the earth's climate and on other 
atmospheric physical and chemical processes. These techniques 
include optical sensing by satellite instruments. A series of 
stratospheric sensor launches began in the U.S. in 1979; two more 
sensors were to be launched independently by Japan and the U.S. 
in 1984 shortly after the seminar. Also, stratospheric measure-
ment programs in both the U.S. and Japan use lidar, other ground-
based remote sensing techniques and in-situ instruments carried 
on aircraft and balloons. 
	
The seminar reviewed and compared results 	obtained 	by the 
different observation techniques. NSF provided seminar travel 
funds for the 6 American scientists described in Attachment C-1. 
Dr. Pepin was unable to attend the seminar and Dr. Patrick 
Hamill took his place; a copy of a 	letter 	to 	NSF describing 
Dr. Hamill's qualifications is included as Attachment C-2. 	All 
seminar participants are 	listed 	in 	Attachment C-3. 
The meeting agenda is included as Attachment E-1. 	The seminar 
was 	viewed 	as 	highly 	successful 	by 	all 	participants. 	At 	the 
suggestion of the Japanese organizer, Dr. Hirono, all seminar 
papers which presented new scientific results were submitted for 
publication in the Journal of the Meteorological Society of 
Japan. Attachment B is a list of 10 published papers based on 
the seminar presentations; copies of those papers are included as 
Seminar Proceedings in Attachment E-2. 
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U.S. PARTICIPANTS LISTED IN PROPOSAL 
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PROPOSED U.S. PARTICIPANTS 
1. Prof. Gerald W. Grams, School of Geophysical Sciences, Georgia Institute of 
Technology, Atlanta, GA 30332 
Prof. Grams is the Principal Investigator for this proposal. His observations 
of the stratospheric aerosol layer in the 1964-65 time period represent the 
first use of a lidar system for stratospheric research. He has subsequently 
developed and operated airborne instruments for observations of atmospheric 
aerosols, the most recent device being a laser polar nephelometer designed for 
operation at stratospheric altitudes on NASA's U2 aircraft for in-situ measure-
ments of the angular distribution of light scattered from a parallel beam by 
aerosol particles. He has also served as member of the experiment teams organ-
ized by NASA to conduct scientific investigations using data obtained with the 
SAM II, SAGE, and SAGE II sensors for global observations of stratospheric 
aerosols and gases. 
2. Prof. Theodore J. Pepin, Department of Physics and Astronomy, Univ. of Wyoming, 
Laramie, WY 82079 
The basic principle of operation of the satellite sensors used by NASA in 
their SAM, SAM II, SAGE, and SAGE II series was demonstrated during the mid-
1960's by Dr. Pepin using instrumentation carried into the stratosphere on 
high-altitude balloons. Dr. Pepin has been a member of all of the experiment 
teams organized by NASA for their SAM, SAM II, SAGE, and SAGE II satellite 
sensors. He has also been Principal Investigator for the ONR--sponsored PAM 
(Preliminary Aerosol Measurement), PAM II, and POAM (Polar Ozone and Aerosol 
Experiment) sensors which operate on Air Force satellites. His in-depth 
involvement with the satellite programs and the balloon observation programs 
will be extremely valuable at the proposed seminar. 
3. Dr. M. Patrick McCormick, Chief, Aerosol Research Branch (MS-275), NASA Langley 
Research Center, Hampton, VA 23665 
Dr. McCormick has been involved in stratospheric aerosol studies since he began 
using lidars for atmospheric research during the mid-60's. Under Dr. McCormick's 
direction, NASA Langley's "48-inch" lidar was developed in the early 1970's 
and their mobile airborne lidar was developed in the late 1970's. These lidar 
systems are generally regarded as the state-of-the-art in lidar instrumentation 
in the United States, and the stratospheric observations obtained with these 
systems represent the most complete data set available on the spatial and tem-
poral variability of the optical backscattering properties of stratospheric 
aerosol particles. Dr. McCormick was the NASA scientist who was responsible 
for transforming the sensor introduced by Pepin as a balloon-borne instrument 
into a very successful series of satellite sensors. In his role as NASA's 
Sensor Scientist for the SAM, SAM II, SAGE, and SAGE II experiments, he has 
background and experience in the design, fabrication and testing of hardware; 
in the development of the computer programs for processing the data; in the 
planning and execution of "ground truth" experiments using lidar, balloon and 
aircraft data for validating the satellite observations; and f_n the use of the 
satellite data for scientific investigations. With the forthcoming launch of 
the EXOS-C satellite, the breadth and depth of Dr. McCormick's experience in 
these areas will be of particular interest to our Japanese counterparts at the 
proposed joint seminar. 
4. Prof. David G. Murcray, Department of Physics, Univ. of Denver, Denver, Colorado 
80 
Dr. Murcray is recognized as one of the most active and productive scientists 
in the area of research on trace gases in the lower stratosphere using aircraft 
or balloon-borne infrared spectroscopic instrumentation. Over the past 25 years, 
his research has included measurements of the distribution of water vapor and 
other minor constituents in the altitude region between 13 and 30 km, detection 
of nitric acid in the lower stratosphere, detection of nitrogen dioxide in the 
stratosphere, and numerous studies related to general problems of infrared radi-
ative transfer involving in-situ observations with aircraft and balloon-borne 
instruments, ground-based observations, and laboratory experiments. Dr. Murcray 
has also been directly involved in satellite observations. He is a member of 
NASA's experiment team for the SAGE program and the forthcoming SAGE II program. 
He has also served as a member of the experiment team for NASA's CLAES (Cold Limb 
Atmosphere Etalon Spectrometer) satellite sensor. 	Dr. Murcray's extensive 
experience involving atmospheric observations from satellite, aircraft, balloon 
and ground-based platforms will also make significant contributions to our 
proposed seminar. 
5. Prof. Benjamin J. Herman, Institute of Atmospheric Physics, Univ. of Arizona, 
Tucson, AS 85721 
Prof. Herman's long-standing leadership role in applications of radiation 
transfer theory to atmospheric remote sensing make him an obvious choice for 
meeting our needs in discussing and evaluating the validity of the techniques 
currently in use or proposed to be used to process the data obtained by the 
satellite, airborne, or ground-based remote sensors. His research has directly 
addressed the effects of aerosol particles and gases on atmospheric radiation 
and includes many significant contributions in areas such as :Lidar and meteor-
ological radar observations, ground-based sun photometer observations, and 
satellite observations. He has served on NASA experiment teams for the SAM II 
and SAGE sensors and, during the past two decades, has served on a wide variety 
of advisory committees making recommendations for research on atmospheric radia-
tion transfer and remote sensing for organizations such as NSF's National Center 
for Atmospheric Research, NASA, and a number of DOD laboratories. Our seminar 
must consider the validity of any data analysis procedures that are being used 
(or are proposed to be used) for processing satellite and other remote sensing 
data, and Prof. Herman's presence will insure that these problems are handled 
properly. 
6. Mr. Ronald Nagatani, NOAA National Meteorology Center, Climate. Analysis Center, 
(W353, Rm. 201), Washington, D.C. 20333 
During NASA's SAM II, SAGE, and SAGE II programs, it was established that the 
meteorological data was required for an adequate and proper analysis of the data. 
The Climate Analysis Center assumed the responsibility of providing this data to 
the various experiment teams, and the Center has developed operational procedures 
for providing the required data in a useable form. Mr. Nagatani is responsible 
for implementing this activity and his experience in this type of analysis will 
make a unique contribution to our seminar in the area of incorporating meteoro-
logical information into the data analysis procedures. Dr. Hirono and Mr. 
Nagatani have already established contact with regard to his potential contribu-
tion to Japan's EXOS-C activities, and we anticipate that this opportunity for 
him to meet with the satellite scientists in Japan will serve to strengthen the 
possibility of future joint studies between the U.S. and Japanese scientists. 
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Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 
ATLANTA, GEORGIA 30332 
SCHOOL OF GEOPHYSICAL SCIENCES 
	 404/894 -3893 
7 June 1984 
Dr. Charles W. Wallace, Program Manager 
U.S.-Japan Cooperative Science Program 
Division of International Programs 
National Science Foundation 
Washington, DC 20550 
Dear Dr. Wallace: 
As we discussed during our telephone conversation earlier this 
week, an emergency for one of our participants caused him to 
cancel his plans to attend our seminar in Fukuoka next week. 
Prof. Pepin had been scheduled to deliver a paper entitled 
"Interpretation of satellite-based solar extinction measurements" 
at the seminar. 
I was fortunate to be able to find a replacement for Dr. Pepin 
and his topic in the person of Prof. Patrick Hamill of San Jose 
State University. He has been actively involved in the inter- 
pretation of satellite solar extinction data for a number of 
years. He has published a good number of papers on the use of 
SAM II and SAGE data on the detection of polar stratospheric 
clouds and on the microphysics and formation mechanisms for 
such clouds. I believe that his background and experience will 
prove to be extremely valuable at the seminar and that he will 
fill the void that would otherwise exist because of Prof. Pepin's 
absence. 
I am leaving for Japan tomorrow. I will be happy to supply you 
with more details on Dr. Hamill upon my return if you do need more 
information. 
Uith Best Wishes. 
Gerald W. Grams 
Professor 
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Tuesday, 12 June 1984 
10:00 AM - 5:00 PM 
Morning (10:00-12:00) 
Overview of Sattelite Programs 
Joint Session with the SAGE II Science Team Meeting 
Chairman 	Dr. M. P. McCormick 
Opening Address 	M. Hirono 
Introduction G. W. Grams 
M. Hirono 
1. Description of Relevant: On-going Sattelite Programs 
SAGE II Science Team 
LUNCH 
Afternoon (13:00-17:00) 
In-situ Observations of Stratospheric Aerosol and Gases 
Chairman 	Dr. T. J. Pepin 
Dr. M. Takagi 
2. In-situ Observations of Aerosol Optical Properties for 
Validation of Sattelite-Based Aerosol Measurements 
G. W. Grams 
3. Optical Properties of Tropospheric and Stratospheric 
Aerosols as Estimated from light Scattering Measurements 
M. Tanaka 
COFFEE 
4. In-situ Measurements of Molecular Forms of Stratospheric 
Aerosol Particles 
A. ONO 
5. Balloon Measurements of Stratospheric NO 2 





Wednesday, 13 June 1984 
9:30 AM - 5:00 PM 
Morning (9:30-11:45) 
Lidar Observations of Stratospheric Aerosol 
Chairman 	Dr. G. W. Grams 
7. Lidar Observations of Volcanic Aerosols in the 
Stratosphere over Fukuoka 
M. Hirono 
8. Comparisons between Observational Results of El Chichon 
Dust Layers by Ruby Lidar at Tsukuba (36.1 N) and Those 
by UV Lidar at Fukuoka (33.6 N) 
O. Uchino 
9. Lidar Observations of Stratopsheric Aerosols in the 





Lidar and Sattelite Observations of Stratospheric Aerosols 
Chairman 	Dr. D. G. Murcray 
Dr. M. Tanaka 
11. Stratospheric Aerosol Measurements by Spacecraft Sensors 
and Lidar 
M. P. McCormick 
12. Observations of Stratospheric Aerosols 
Lidar, Balloon and Sattelite 
M. Takagi 
13. Application of Inversion Techniques to Stratospheric 
Extinction Data 
B. J. Herman 
COFFEE 
14. Use of Meteorological Data in the Interpretation of 
Sattelite Observations of Stratospheric Constituents 
R. Nagatani. 
15. Interpretation of Sattelite-Based Solar Extinction 
Measurements 
T. J. Pepin 
16. Some results of the SAGE I Data Analysis 
M. Fujiwara 
Thursday, 14 June 1984 
9:30 AM - 5:00 PM 
Morning (9:30-11:45) 
Sattelite Observations of Stratospheric Constituents 
Chairman 	Dr. B. J. Herman 
17. Preliminary Results from Ohzora 
T. Ogawa 
18. Limb Atmospheric Infrared Spectrum Observed on the 
Sattelite Ohzora.  
A. Matsuzaki 
19. Infrared Techniques for Measurements of Stratospheric 
Constituents 






Possibility of joint Studies 
Joint Session with the SAGE II Science Team Meeting 
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Characteristics of Polar Stratospheric Clouds 
as Observed by SAM II, SAGE, and Lidar' 
By M. P. McCormick 
Atmospheric Sciences Division, NASA Langley Research Center, Hampton, Virginia 23665 
Patrick Hamill 
Systems and Applied Sciences Corporation, Palo Alto, California 94306 
and 
U. O. Farrukh 
Institute for Atmospheric Optics and Remote Sensing. Hampton, Virginia 23666 
(Manuscript received 10 December 1984, in revised form 4 March 1985) 
Abstract 
The discovery of polar stratospheric clouds (PSC's) in the Arctic and Antarctic strato-
sphere during winter is described, and the directly observed and implied properties of these 
clouds are discussed. It is proposed that the more familiar "mother-of-pearl" or "nacreous" 
clouds are a special subset of PSC's. The size, location, prevalence and temperature de-
pendence of the clouds as measured by the SAM 11 and SAGE satellite systems are outlined. 
Airborne lidar measurements have recently demonstrated that the PSC phenomenon is most 
probably associated with an extended stratospheric cloud bank. existing within the cold polar 
vortex region during the winter period with the PSC's bounded by a 188 K temperature 
isotherm. The PSC's probably exist at a 50 percent frequency within the 193 K isotherm. 
Using the observed information on the cloud extinction and change in location with time 
we consider possible formation mechanisms, the size of the cloud particles, and show the 
descending motion of the cloud during wintertime. 
1. Introduction 
Polar stratospheric clouds (PSC's) were dis-
covered several years ago during the analysis 
of the SAM II satellite data. Subsequently, 
continued remote sensing of the stratosphere 
by the SAM 11 and SAGE satellite systems 
and by a NASA airborne lidar system has 
' This paper was presented at the Japan-U.S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components", 
Fukuoka, 12 14 June 1984. 
yielded a great deal of information on the 
macroscopic and microphysical characteristics 
of the clouds. In this paper, we describe in 
some detail the properties of the PSC's as ob-
tained from the satellite and lidar data sets. 
In addition to evaluating directly measurable 
characteristics of the clouds such as their ex-
tinction, backscatter coefficient, altitude, tem-
perature, geographic location, and so on, we 
also infer certain unobservable properties of 
the clouds, such as the composition and forma-
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Fig. 2 SAM II average extinction profile for the 
month of January 1979 in the northern hemi-
sphere. The horizontal bars indicate one 
standard deviation from the mean (McCormick 
of al., 1982b). 
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Fig. 3 A polar stratospheric cloud extinction pro-
file obtained from SAM II data for January 23, 
1979, at 68.7°N latitude and 27°N longitude 
(McCormick et al.. 1982h). The right panel 
shows the corresponding temperature profile. 
The horizontal bars on each curve are the one 










Fig. I Schematic representation of the SAM II or SAGE satellite measurement technique. 
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we present evidence that the PSC's form an 
extensive cloud bank over the winter pole, 
estimate the cloud's particle size, and discuss 
alternative mechanisms for the apparent down-
ward motion of the clouds. 
2. Remote sensing of the stratosphere by 
the SAM 11 and SAGE satellite systems 
and by airborne lidar 
In this section we review the three principal 
ways (SAM II, SAGE and lidar) in which in-
formation on polar stratospheric clouds has 
been obtained. The SAM II instrument con-
sists of a single channel sun photometer which 
measures solar irradiance at 1 pm wavelength. 
The instrument is mounted on the Nimbus 7 
satellite and is enabled each time the satellite 
enters into or emerges from the shadow of 
the earth. Thus, data are taken during each 
sunrise and sunset encountered by the satellite 
as indicated schematically in Fig. 1. The 
irradiances obtained during each scan are a 
measure of the transmission of solar light 
which has passed through different levels of 
the atmosphere. The technique, to invert the 
transmission versus altitude data and obtain 
profiles of extinction, is described in Chu and 
McCormick (1979). Nimbus 7 is in a high 
noon sun-synchronous orbit with a highly in-
clined (nearly polar) orbit and a period of 104 
minutes. Consequently, 15 sunsets and 15  
sunrises are encountered each day in the high 
latitude bands of about 64°N to 81'N and 
64°S to 81°S, and are separated by about 26° 
in longitude. 
The SAGE instrument is similar to SAM II 
except that it performs measurements at three 
additional wavelengths : 0.60 pm, 0.45 pm, and 
0.385 pm, and extends measurements over a 
maximum latitude range of about 80°S to 80°N 
with variations in coverage depending on 
season. SAGE is mounted on a dedicated 
AEM-2 satellite with orbital period 96 minutes 
and inclination 55'. The SAGE system was 
operational from February 1979 until November 
1981. A new instrument to measure strato-
spheric aerosols and gases has recently been 
launched from the Space Shuttle. This instru-
ment (called SAGE 11) has a latitudinal cover-
age similar to SAGE but has three more 
spectral channels. No data from SAGE II, 
however, will be presented in this paper. A 
detailed description of the SAM II and SAGE 
systems is given by McCormick et al. (1979). 
The SAM II and SAGE results are gener-
ally expressed in terms of profiles of atmo-
spheric extinction. During each year of opera-
tion, SAM II generates about 10,000 profiles 
and SAGE generates roughly four times as 
many (because it has four channels and there 
is one profile generated for each channel). 
In Fig. 2 we present an average extinction  
profile obtained using all of the SAM 11 nor-
thern hemisphere polar data for the month of 
January 1979. This figure is compiled from 
over 400 measurements. The horizontal bars 
represent one standard deviation from the 
mean. The large variation in extinction is 
below the 12 km average tropopause. 
The airborne lidar system is the other 
remote sensing technique used to obtain in-
formation on polar stratospheric clouds. The 
airborne lidar system was developed to underfly 
and validate the SAM II and SAGE measure-
ments. In addition, it has been used to study 
the spatial distribution of polar stratospheric 
clouds as well as the stratospheric volcanic 
veil from El Chichon and other eruptions 
(McCormick et al., 1984). 
3. The discovery of polar stratospheric 
clouds 
The SAM II data for January 1979 showed 
several very unusual profiles in which the ex-
tinction at some heights was much greater than 
the average monthly extinction (McCormick 
et al., 1982b). An example of such a profile 
is presented in Fig. 3. Thirteen of these 
"anomalous" profiles were observed at SAM II 
measurement locations in the northern hemi-
sphere during the winter of 1978-79 and all 
were observed in very cold regions of the 
stratosphere. For the period July -September  
1979 (southern hemisphere winter), however, 
several hundred similar profiles were observed 
at southern latitudes. Again, they correlated 
well with cold temperatures. The profiles 
showed very large values of extinction (up to 
values of 10 - `/km) at altitudes between about 
17 and 24 km in the Arctic and between about 
11 and 22 km in the Antarctic. They appeared 
to be limited in time and space, fairly randomly 
located geographically, and appeared in re-
gions of very cold temperature. These facts 
suggested that the profiles might be due to 
the presence of localized clouds in the strato-
sphere. It is well known that mother-of-pearl 
clouds are occasionally observed in the strato-
sphere; however, according to the literature, 
these clouds are observed very infrequently. 
Stanford and Davis (1974) in a literature com-
pilation found recorded evidence for only 148 
clouds in a period of about 100 years Mother-
of-pearl or nacreous clouds have been reported 
to occur at altitudes of 22-26 km and pre fer-
rentially downwind of mountain ranges. This 
led liesstvedt (1969) to propose an orographic 
lee wave model to describe mother-of-pearl 
cloud formation. Due to these significant 
differences between the SAM II observed 
phenomenon and the literature descriptions of 
mother-of-pearl clouds, and especially since it 
was not clear whether or not the features 
exhibited by the satellite data would be visible, 
it was felt that the satellite observations of 
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Fig. 4 Isopleth of extinction as a function of altitude and longitude for 
measurements obtained on June 28, 1979 at 65 ° S latitude. The tic marks 
on the upper horizontal border represent the longitudes at which meas. 
urements were made. The plot was generated by interpolating extinc-
tion values between these measured extinction profiles. 
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high extinction events could not be positively 
identified as mother-of-pearl clouds. Conse-
quently, the term "polar stratospheric clouds" 
or PSC's was coined. It is not yet clear that 
the two phenomena are the same, but we 
shall show that it is reasonable to assume 
that the mother-of-pearl clouds are a special 
subset of the more prevalent PSC's. 
4. Large-scale characteristics of polar 
stratospheric clouds 
In this section we shall briefly review the 
retrieved information obtained on PSC's by 
the remote sensing techniques described above. 
We shall consider the extinction due to the 
clouds, the size of the clouds, their duration, 
the prevalence and location of the clouds both 
geographically and in altitude, and finally we 
shall consider the relation between low tem-
peratures and cloud observations. 
(a) Extinction Measurements 
The SAM 11 extinction profiles of PSC's 
give the extinction as a function of height (in 
1-km steps) thus yielding information on the 
vertical thickness of the cloud as well as 
the value of their extinction. It should be 
noted that the operational technique used to 
invert the transmission data rejects profiles 
with extinctions greater than 10 - '/km. Con- 
sequently, we only obtain a record of clouds 
with extinction less than this value. Visual 
inspection of the retrieved transmission pro-
files indicates that this results in the loss of 
a few cloud events from the record, but since 
so many clouds are observed, the loss is not 
significant. The extinction due to the clouds 
is quite variable. For example, during 1979 
the northern hemisphere clouds had maximum 
extinction values ranging from 4.5 x10 - Vkm 
to 6x 10- '/km. Compared to measurements 
of extinction at the same altitude on days 
when no clouds were observed, these data 
correspond to increases in extinction by factors 
ranging from about 10 to over 200. It is found 
that in some cases the cloud is relatively thin 
(<1 km), but in the majority of the observed 
cases, and especially in the southern hemi-
sphere, the clouds are several kilometers thick. 
Later in this paper we shall present lidar data 
which show Arctic PSC's with multiple thin 
layers sometimes even less than 1 km. Often 
in the southern hemisphere, PSC's appear to 
extend down to the tropopause. 
(b) Spatial Extent of the Clouds 
Fifteen extinction profiles are obtained by 
SAM II in each hemisphere per day. One can 
interpolate between these profiles to generate 
isopleth plots of extinction as a function of  
altitude and longitude. An example of such 
a plot where a PSC is observed in one meas-
urement is presented in Fig. 4. Polar strato-
spheric clouds show up clearly on this type 
of plot, as can be appreciated by noting the 
high extinction region at 17 km altitude and 
—57.9' longitude. Actually, only one SAM II 
measurement (at 57.9°W longitude) on that 
day observed a PSC. A large number of 
examples of these plots are presented in 
McCormick of al. (1982a). 
It is found that in the northern hemisphere, 
cloud observations tend to appear it only one 
or two profiles each day, whereas in the 
southern hemisphere, especially late in the 
winter, they tend to appear in nearly every 
profile. Thus, the northern hemisphere SAM 
Il data tend to indicate small localized clouds 
whereas the southern hemisphere data suggest 
a large cloud bank. If one envisages the 
PSC's as forming an extensive cloud bank 
covering the pole, then it is possible that the 
northern hemisphere SAM II observations skirt 
the edge of the cloud bank and thus only 
sight an occasional cloud, whereas in the 
colder southern hemisphere stratosphere, the 
cloud bank possibly extends to lower latitudes 
so the SAM 11 observations would sight a 
cloud on each measurement. 
The size of the clouds (or extent of the 
cloud bank) cannot be determined on the basis 
of the SAM II data alone since its measure-
ment location is at a fixed latitude on a given 
day. To help answer this question, an air-
borne lidar mission was conducted during the 
period January 19-28, 1984 to the North Pole. 
A flight was performed on January 24, 1984, 
from Thule Air Base, Greenland (76.5°N, 
68.7°W) to the North Pole along the 60°W 
meridian. During this flight, PSC's were ob-
served continuously over the entire latitude 
range with the strongest backscatter occurring 
from 85° to 90°N. The altitude of the clouds 
ranged from about 19 km to 23 km. Ambient 
temperatures were less than 188 K (-85°C) in 
the region where the strongest clouds were 
observed. Figure 5 gives a composite picture 
of the lidar observations of PSC's on this 
flight. Strong lidar backscatter is indicated 
by the dark bands. Multiple layers are shown  
at most locations. Also note the general trend 
towards lower altitudes as one approaches the 
pole. Figure 6 gives an individual ruby lidar 
backscatter profile (at cross polarization and 
a wavelength of 0.6943 pm) at about 86'N in 
which the PSC at 19.5 km has a scattering 
ratio of 83.3. The volcanic loading at this 
time due to past eruptions produced a scatter-
ing ratio of about 3 centered near 15 km and 
Fig. 5 Airborne lidar data from 83'N to 90°N at 
60'W longitude on January 24, 1984. The 
darkness of the display is proportional to the 
backscattered lidar return signal. The return 
from 85.5 ° N to 87.8'N is for the cross polarized 
component which, in general, is an indicator 
of nonspherical particles. 
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polarization obtained by airborne lidar on 
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would not, therefore, confuse the identifica-
tion of PSC's. 
A second mission was conducted on January 
25 from Thule to 86'N, and PSC's were again 
detected within the region of temperatures 
less than 188K from 81°N to 86°N. A third 
flight was conducted on January 27 to 87'N 
with no indication of PSC's. On this day, the 
low temperature region within the polar vor-
tex had moved over the North Pole towards 
Siberia. Thus, we conclude from the lidar 
data that the PSC's are actually an extensive 
cloud bank composed of one or more layers 
which cover the polar region and are bounded 
at a minimum by a temperature isotherm of 
about 188 K. Further, we feel that PSC's 
occur at about a 50 percent frequency within 
the 193 K isotherm. 
(c) Duration, Prevalence and Location of 
PSC's 
From the satellite and lidar data, one can 
obtain a relatively good picture of the dura-
tion, prevalence, and location of the polar 
stratospheric clouds. The lidar data, indicat-
ing that the PSC's form a continuous cloud 
bank covering the Arctic area within a specific 
cold temperature contour are supported by the 
SAM II data indicating that a similar cloud 
bank exists over the Antarctic. The clouds 
are sighted in the northern hemisphere pri-
marily during December, January and February, 
and the southern hemisphere clouds are sighted 
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The histogram in Fig. 7 shows that the cloud 
sightings in the Antarctic for June-September 
1981 were distributed fairly uniformly in long-
itude with a slight preference for longitudes 
between 20°E and 40'E. Other years show 
a slight bias nearer to Greenwich. All years 
had a lesser number of clouds at 180° long-
itude. This corresponds to a general trend 
for temperatures to be somewhat colder at 
these longitudes. For example, the data com-
pilation by Taljaard et al. (1969) shows that 
during July and October at 70°S, the average 
temperature at 200 mb is 5 K colder at 0' 
longitude than at 180' longitude. At 100 mb 
the October temperature difference is 8 K 
colder. Thus, it is not surprising that the 
clouds are more prevalent near the Greenwich 
meridian. 
The altitude distribution of the clouds is 
indicated in the histogram of Fig. 8 which 
shows clearly that the southern hemisphere 
clouds are found at lower altitudes than the 
northern hemisphere clouds. This also agrees 
with cold temperatures being lower in the 
Antarctic lower stratosphere than in the Arctic 
stratosphere. In Fig. 9, we have plotted the 
average weekly altitude of PSC's sighted by 
SAM II in the Antarctic during a 13-week 
period from June 28, 1981, to September 26, 
1981. Although there is e large scatter in the 
data (note the large standard deviations), one 
can note a distinct trend towards lower alti-
tudes as the winter progresses. A linear re-
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Fig. 8 Histogram of the frequency of PSC alti-
tude in the two hemispheres during 1980-81. 
Top figure is for northern hemisphere winter 
and bottom figure is for southern hemisphere 
winter. The total number of PSC's observed 
is also indicated. 
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Fig. 9 Plot of average weekly altitude of clouds 
slighted during the southern hemisphere winter 
of 1980, as function of time (in weeks). 
slope --0.465 km/week. Thus, the average 
altitude of the clouds appear to descend at a 
rate of 0.77 mm/sec (in agreement with the 
downward flux of air in the Arctic polar vor-
tex determined in Kent et al., 1985). This 
apparent downward trend of PSC's and tem-
perature was also observed in McCormick 
180 	185 	 190 	195 	200 
MINIMUM TEMPERATURE 
Fig. 10 Histogram of the frequency of cloud 
observations as a function of temperature for 
the southern hemisphere winter of 1981. 
et al. (1981). One must be careful in inter-
preting Fig. 9, however, because the SAM II 
measurements over this period of time change 
from about 64°S to 80°S. Thus, this down-
ward altitude change could be due to geo-
graphical changes of the altitude of the cold 
temperature field. 
(d) Correlation Between Low Temperatures 
and Cloud Occurrences 
The SAM II data, in conjunction with the 
temperature profiles generated by NOAA at 
the time and location of the SAM II measure-
ments, reveal that the occurrence of clouds is 
highly correlated with low temperatures. For 
example, Fig. 10 shows that for the southern 
hemisphere winter of 1981, the probability of 
formation of PSC's when the minimum tem-
perature fell below 184 K was about one,.and 
whenever the temperature was above 199 K, 
no cloud was ever observed. These tempera- . 
ture statistics are slightly different in the 
northern hemisphere, and slight differences 
are noted from year to year ; nevertheless, 
the general trend of cloud formation with low 
temperature is quite clear. For a complete 
description of the SAM 11 observations of 
PSC's in 1979 and their temperature depend-
ence, see McCormick et al. (1982b). 
5. Inferred microscopic properties of the 
cloud particles 
The SAM II, SAGE, and lidar data can be 
used to infer certain microphysical properties 
of the polar stratospheric clouds. This in-
volves assumptions concerning the mechanism 
for their formation. As described by Steele 
et al. (1983), the most probable cloud forma- 
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LONG I TUOE 
Fig. 7 Histogram illustrating the ong . tudinal distribution of PSC's for the 
Antarctic winter of 1981. Note that the clouds are nearly uniformly 
distributed but slightly more prevalent in 20°-40°E longitude and slightly 


















Calculated extinction vs temperature curves at 20 km altitude for 




various values of stratospheric water vapor content assuming frozen 
spherical particles (in mny). Crosses represent northern hemisphere 
SAM II data and circles represent southern hemisphere SAM II data 
(Steele et al., 1983). 
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tion mechanism is the condensation of water 
onto pre-existing stratospheric aerosol parti-
cles. The aerosol particles (which act as cloud 
condensation nuclei, CCN) are believed to be 
liquid concentrated sulfuric acid droplets of 
about 75% 11,SO, by weight (Rosen, 1971; 
Hamill et al., 1977). The equilibrium concen-
tration of sulfuric acid in such a droplet is a 
function of temperature and the environmental 
water vapor content. Assuming that the 
stratospheric water content remains constant, 
a change in temperature will cause water 
vapor to condense onto the aerosol particles. 
This will result in a more dilute acid droplet, 
but will have a very small effect on the par-
ticle radius. Eventually, however, the droplet 
becomes so dilute it is essentially pure water 
(or pure ice if it freezes). From then on, 
deliquescence becomes important and decreases 
in temperature will be accompanied by large 
changes in radius. If this model is correct, 
then it is relatively easy to calculate particle 
radius as a function of temperature for a 
given stratospheric water vapor mixing ratio. 
Once the radius has been determined, one can 
evaluate the extinction by Mie scattering 
methods. Thus it is possible to calculate the 
extinction as a function of temperature and 
compare the results with SAM II measure- 
ments. The best fit to the data was shown 
in Steele et al. (1983) to occur for number 
densities of about 6.3/cm' (see Fig. 11). It 
should be mentioned that for these calcula-
tions, the cloud droplets were assumed to be 
spherical ice crystals. However, the tempera-
tures at which PSC formation occurs are more 
conducive to the formation of needle-like ice 
crystals, and this may lead to uncertainties in 
the expected extinction. (Hamill and McMaster, 
1984), 
It is possible to obtain a rough estimate of 
the size of polar stratospheric cloud particles 
by assuming they grow by the condensation 
of water vapor onto pre-existing stratospheric 
aerosol particles. The stratospheric sulfuric 
acid aerosol particles (the CCN) are believed 
to obey a log normal size distribution (Pinnick 
et al., 1976) such that the number of particles 
having radii between r and r + dr is given by 
In' r/r, 1 
L 	2 In' a J 
We have used this size distribution in a Mie 
scattering routine and found that the calculated 
values of extinction at 1.00 pm and at 0.45 
pm, as well as the ratio of these extinctions 
and the backscatter coefficient at 0.6943 pm, 
are all in agreement with the SAM II, SAGE. 
and lidar observations of the background 
stratospheric aerosol if one uses in the log 
normal relation the values N 4 =-6.3 particles/ 
cm', r,=0.0725 pm, 6=1.86. 
If the growth of aerosol particles is modelled 
by simply assuming that the log normal distri-
bution is shifted to a larger mode radius (not 
changing the total number of particles present 
or the width of the size distribution), we find 
general agreement between theory and the 
SAGE data (for the two PSC's observed by 
SAGE at the two wavelengths 0.45 and 1.0 
pm) if the mode radius of the PSC droplets 
is between 0.1 and 0.3 pm. The SAM II data 
tend to indicate somewhat larger droplet sizes 
(up to 0.5 pm), and the lidar data are con-
sistent with droplets of 0.2 to 0.3 pm. 
The sedimentation rates for these particles 
can be evaluated by using Stokes law with 
the Cunningham correction (List, 1951) 
	
2 r'pg ( 	1 	_b rii ) 
A -1- Qe 
where r is the particle radius, p is the par-
ticle density, n is the dynamic viscosity coeffi-
cient, and I is the mean free path of the 
atmosphere. A, h and Q are dimensionless 
empirical constants given by A=0.864, 0= 
0.290, and b=1.25. The U.S. Standard 
Atmosphere (1976) gives aeronomic parameters 
at 22 km. Using p=1.0 g/cm' we find values 
of terminal velocity of the order of 10 - ' mm/ 
sec. This is a negligible velocity correspond-
ing to fall distances of the order of 100 meters 
in 3 months. 
Clearly, sedimentation does not explain the 
downward motion illustrated in Fig. 9 unless 
the PSC droplets are much larger in size than 
indicated by our calculations. The downward 
motion of the clouds could be due to descend-
ing air inside the polar vortex, however, as 
described by Kent of al. (1985) or if the par-
ticles are larger, a combination of sedimenta-
tion and downward mass flow. If we assume, 
for example, all of the available water sub-
stance is incorporated into the PSC particles, 
they can be as large as approximately 2 prn 
radius (Hamill and McMaster, 1984). Thus 
they would have an appreciable sedimenta-
tion rate. 
In view of the fact that polar stratospheric 
clouds are generally found inside the vortex, 
it is safe to assume that they partake of this 
downward motion. It is possible that this 
downward motion of PSC's could represent a 
mechanism for moving water to at least the 
tropopause region. The amount of water sub-
stance removed from the stratosphere by this 
mechanism, however, would probably be a 
very small fraction of the total stratospheric 
water budget. This is fairly obvious if one 
considers the small cross-sectional area of the 
region of the earth where the PSC's occur. 
However, the water vapor distribution in the 
lower stratosphere could be affected. 
Finally, preliminary calculations indicate 
that polar stratospheric clouds could have im-
pact on the radiation balance of the polar 
region (llama! and McMaster, 1984, and Pollack 
and McKay, 1985). Before definitive conclu-
sions can be reached regarding the impact of 
PSC's on radiation and gaseous budgets and 
their general role in atmospheric processes, 
however, more data are needed on their mi-
crophysical and optical properties. 
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1. Introduction 
It has been recognized that the existence 
of stratospheric aerosols is important not only 
climatologically but also on the environmental 
stand point, and the observation of temporal 
and spatial behaviors of aerosols is requested. 
We have adopted a few different kinds of 
techniques to measure the distribution of 
aerosols in the lower stratosphere. Here 
described is an outline of these techniques 
which we have actually used recent years. 
Some examples of observed results are also 
shown. 
2. In situ measurement by using balloons 
In order to obtain accurate, though local, 
information on aerosols, it is most essential 
to carry out in situ measurement by directly 
sampling the air into an apparatus. The 
apparatus of our balloon use is based on the 
principle of counting individual aerosol parti-
cles one by one through detecting their 
scattering light pulses. The number of detect. 
ed light pulses in a unit time interval shows 
the aerosol density and the pulse height 
indicates the particle size. The size of 
detectable aerosols is limited to those usually 
larger than 0.3 pm because the visible light 
is used as the light source. Fig. 1 shows 
the optical system of our aerosol counter. 
I) This paper was presented at the Japan-U.S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components", 
Fukuoka, 12 14 June 1984 .  
The rays from the light source is focussed 
on the scattering chamber, where the sampled 
air flows with an appropriate rate (0.3-1 //min) 
perpendicularly to the ray path. The particle 
in sampled air scatters the light, which is 
detected in the scatter angle of 60r by a 
photomultiplier tube. A part of air flow, 
after passing through a filter, is used as an 
air sheath to surround the sample air stream. 
This device is useful to maintain the laminar 
flow and to protect the sample air against the 
eddy deviation out of the light scattering 
part. A halogen lamp is used for the light 
source because of its stability and efficiency. 
The intensity of source light is calibrated by 
periodically feeding through a light tube to 
the same photomultiplier. 
Fig. J Design of optical system of balloon-use 
light scattering aerosol counter. 
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There are a few problems peculiar to this 
kind of light scattering type aerosol counter. 
One is the effect of the shape and the 
refractive property of aerosols to be meas-
ured. It has to be considered that the scattered 
light intensity, even though from the same 
size particle, is different according to the 
particle being spherical or of irregular shape 
or of different refractive index. The main 
composition of stratospheric aerosols is con-
sidered as 75% sulphuric acid droplet (Rosen, 
1971 ; Hamill et al., 1977) except for the period 
just after the serious volcanic eruptions, so 
it is reasonable to regard the measured aero-
sols being spherical and of refractive index 
m=1.4. The actual procedure for calibrating 
the apparatus is made by using standard 
particles of polystylen latex (m=1.6), and 
then we convert the scattering intensities to 
those of m=1.4. Fig. 2 shows the result of 
Mie scattering computation for the scattered 
intensities of particles of m:=1.4 and 1.6, 
respectively, for the design applied to our 
optical system. For the diameter of 0.3 pm 
the output intensity for the particle of m=1.4 
is only half of that of m=1.6. Hence to 
count the stratospheric aerosols of 0.3 pm in 
diameter, the increase of signal to noise ratio 
1.6 	1.4 
I t twit 	t t ilind 	t 1 i 
I 10 
DIAMETER : kim 
Fig. 2 Size dependence of scattered light pulse 
intensity calculated for the particle refractive 
index of 1.4 and 1.6 in the case of the optical 
system design shown in Fig. 1. 
was required. It was realized by improving 
the structure of scattering chamber so as to 
minimize stray light and by raising the source 
light intensity. 
The other problem is the coincidence loss, 
which is a count miss occurring when the 
aerosol density exceeds an expected value. 
For example, if two or more particles come 
in the scattering part at the same instant, 
the apparatus will count one scattered pulse 
whose intensity corresponds to somewhat 
larger size particle. The aerosol density at 
'which this count miss occurs relates to the 
size of scattering part and the flow rate. 
The design here is confirmed empirically to 
well meet the density up to several tens 
particles per cubic centimeter. The strato-
spheric aerosols larger than 0.3 pm in diame-
ter usually have the density less than 10 cm - ' 
except for the period under a strong after-
effect of large scale volcanic eruptions such 
as Agung and El Chichon. 
For the performance of sucking pump, it 
is desirable to keep the efficiency uniform 
over a wide external pressure and tempera-
ture range from the earth's surface to the 
stratospheric height. We have adopted a 
lobe pump which was newly designed so to 
Fig. 3. Pressure dependence of volume flow rate 
efficiency for sucking pump rotation. Respec-
tive symbols correspond to different series of 
laboratory experiments. 
partly meet the above demand. Fig. 3 is the 
result of laboratory experiment on the efficien-
cy of volume flow rate. It is shown that the 
sucking efficiency for one rotation of pump 
falls gradually with descending pressure and 
reaches at 30 mb about half of that on the 
ground. The rotation rate of pump at a 
constant voltage power supply, on the other 
hand, increases with descending pressure up 
to 30% at 100 mb and then holds an almost 
constant value. This increase of rotation rate 
works to partly compensate the efficiency 
decrease in higher altitudes. In the actual 
balloon observations we measure the rotation 
per minute to estimate the flow rate as accu-
rate as possible. 
Fig. 4 shows as an illustration of the per-
formance of apparatus the result of compara-
tive measurement made at Laramie, Wyoming. 
Two aerosol counters, ours and that developed 
at University of Wyoming (Hofmann et al., 
1975), were launched on board the respective 
balloons with about 4 hours time interval in 
the early morning of May 30, 1975. The 
10 	 100 
AEROSOL NUMBER DENSITY : cm-3 
Fig. 4 Vertical profiles of aerosol number density 
larger than 0.3 pm in diameter in the com-
parative balloon measurements at Laramie, 
Wyoming on May 30, 1975. Two profiles 
were obtained with the respective aerosol 
counters developed at Nagoya University (full 
line) and at University of ,Wyoming (broken 
line). 
profile of aerosol density obtained by our 
counter after revising for the flow rate and 
refractive index was in a good agreement 
with that of University of Wyoming. For 
the details of apparatus and the results of 
observations refer to Morita and Takagi (1983). 
The total weight including batteries of the 
capacity of 8 hours operation is 30 kg. 
For the aerosols in Aitken size range an 
apparatus equipped with a special type of 
cloud chamber is being prepared. The elec-
tric conductivity meter of balloon use gives 
also an indirect indication of extraordinary 
increase of stratospheric Aitken particles 
(Kondo et al., 1982). 
3. Satellite global observation 
It is important in the stratosphere to know 
the variations over very wide area, and the 
global monitoring by satellite is expected to 
he effective in this point. The satellite aero-
sol experiments have been conducted by U.S. 
scientists with SAM II and SAGE I, and SAGE 
II is just in operation. We also are making 
observations of stratospheric aerosols with 
ALA (Aerosol Limb Absorption) experiment 
on board the satellite "Ohzora" which was 
launched in February 1984. The principle of 
those satellite observations is the measure-
ment of sunlight extinction caused in the 
earth's limb atmosphere. The sunlight inten-
sity 1 0 in the case of small solar zenith angle, 
where no attenuation of light may be con-
sidered, and the intensity 1(h), when the sun 
is seen at the tangent height h above the 
earth's horizon, are compared. The optical 
depth r(h) of the light path is obtained from 
the ratio of I„ and /Oil. If we assume a 
uniform layer structures of aerosols and 
neutral molecules in the same altitude within 
the extinction area, we can convert r(h) to 
the vertical profile of extinction coefficient 
with an inversion procedure. The method of 
analysis was reported in detail by Takagi 
and Kondo (191131. 
The measurement of aerosols is made at 
the wavelength of I pm, where the extinction 
is actually composed of Mie scattering of 
aerosols and Rayleigh scattering of neutral 
molecules. For subtracting the effect of 
10.1 
transient memory 	10 ns-500 ms 2048 words 	8 bit 
photon counter 2 its -10 ps 	128 memories 12 bit 
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Fig. 7 Variation of lidar backscattering ratio during the period from December 
9, 1982 to March 25, 1983. The observations were made at evening hours of 
55 days. The interruption of data, which is interpolated in the figure, was 
6 days at longest during this period. 
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neutral molecules, the calculation is made by 
applying the standard atmosphere within the 
expected accuracy of 10%. 
A weakness of this method is the low 
spatial resolution in horizontal direction, which 
comes from the length of ray path where the 
sunlight suffers attenuation. If the satellite 
altitude is 1000 km planned to be the apogee, 
the horizontal resolution is about 200km cor-
responding to the vertical resolution of 1 km. 
In addition to this the satellite moves more 
than 1000 km on the globe for a few minutes 
when the sun sets or rises between the 
earth's surface and 50km tangent height. It 
means that the profile thus obtained for each 
sunrise or sunset is an average over the 
horizontal scale of the order of 1000 km on 
the globe. 
There are a few points to be considered 
in the design of sensing unit. Fig. 5 shows 
the size and shape of solar disk at several 
altitudes in the vertical cross-section above 
the tangential point. When the solar disk is 
close to the earth's horizon, the image becomes 
flat because of atmospheric refraction. Al-
though the size of disk image depends on the 
satellite altitude, it somehow has to be divided 
into small segments to obtain the vertical 
resolution of 1 km. In our satellite device a 
CCD image sensor of 380x488 elements is 
used. Overall sensing area is 8.8x 11.4 mm. 












Fig. 5 Image of solar disk in the vertical cross-
section above the tangential point for two 
satellite altitudes corresponding to t he planned 





Fig. 6 An example of the measurement of optical 
thickness against the tangent height prelimi-
narily estimated. The data were obtained at 
the latitude of 60-70°S. The effect of Rayleigh 
scattering is not yet subtracted. 
the whole field of view covers 6°, within 
which the satellite may point at the sun. 
The solar disk of 32' in diameter is divided 
into about 30x30 elements and the intensity 
of each element is measured. 
Another problem comes from the disagree-
ment between the directions of the horizon 
and the scan in CCD sensor. The satellite 
"Ohzora" is controlled in two axes but not 
regarding to the phase angle around the axis 
pointing at the sun. Some special means are 
taken for data acquisition, to suppress the 
data quantity to a limited data transfer and 
moreover to secure a necessary accuracy. 
The details will appear elsewhere. 
The observation data are being accumulat-
ed. Here we can only present an example 
of preliminary reduction. Fig. 6 shows the 
profile of optical thickness against tangent 
height obtained on March 2 and 11, 1984 at 
the latitude 60-70'S. The estimation of 
tangent height still involves an uncertainty 
of a few kilometer, which is improved through 
further detailed analysis of satellite orbit and 
attitude. 
4. Lidar observation 
The merit of lidar is that the frequent 
observation can bet made easily. It enables 
us to follow the stratospheric aerosol content 
variations in various time scales. Our lidar 
system (Iwata et al., 1983) at Toyokawa 
(34.8 ° N, 137.4°E) has entered in a routine 
base observation since December 1982. It was  
eight months behind the eruption of El Chi-
chon, but it could run after the decaying 
behaviors of aerosol cloud over Toyokawa 
(Iwata and Takagi, 1984). 
The system parameters are given in Table 
1. The system is composed of Nd : YAG 
laser, whose fundamental, the second and the 
third harmonic wavelengths are usable, and 
dye laser which is pumped by the second 
harmonic of the former. This combination 
was adopted to observe the aerosols with 
three wavelengths of YAG laser and the 
minor gas constituents such as ozone with 
tunable dye laser output. 
For the routine observation of aerosols the 
wavelength of 532 nm, the second harmonic 
of YAG laser, has been mainly used because 
of its high emitting power and efficiency of 
detecting photomultiplier. The system is 
usually operated in photon counting mode with 




repetition rate (pps) 





range from 6 to 44 km. Accumulation of 
received signals for 10 to 20 min (6000 to 
12000 laser pulse shots) gives an accurate 
aerosol profile up to 30 km within 10% meas-
urement error. The analogue output mode 
treated with a transient memory is used to 
obtain more detailed aerosol structure in the 
lower altitudes with a height resolution of 
15 m. 
All the data collecting system are controlled 
with a minicomputor. Quick-look display of 
the collected data on the screen can be made 
anytime after the data have been stored on 
the magnetic disc. At the end of a series 
of measurement the data from the magnetic 
disc are copied in the magnetic tape and 
processed with a main computer. 
Fig. 7 is an example showing the result of 
lidar observation. In winter at Toyokawa we 
are favored by relatively good weather and 



















500 mm Newtonian 
Table 1 System parameters of lidar at Toyokawa. 
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interruption. Fig. 7 shows the contours of 
backscattering ratio during about 100 days 
from December 9, 1982 to March 25, 1983. 
In this period the aerosol cloud originated in 
El Chichon eruption was in the phase of 
gradual decaying accompanied with occasional 
abrupt changes. These patterns will be use-
ful to understand the general behavior of 
stratospheric aerosols. 
5. Concluding remarks 
Three different techniques for the observa-
tions of Mie size aerosols in the stratosphere 
have been described. The techniques have 
the respective merits and demerits according 
to the spatial or temporal scales to be ob-
served. It is useful to correlate the results 
obtained with one technique to the others for 
the comprehensive understanding of aerosol 
circumstances and at the same time for the 
mutual valuation of the respective measure-
ments. 
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introduction 
The observations of stratospheric aerosols 
on high latitudes have not been sufficient 
because of technical difficulties. Most of 
previous measurements such as balloon-borne 
particle counter and sampling of particles 
using aircraft have been made from late 
spring to early fall, and not in winter. 
Recently the satellite measurements by 
McCormick and his co-workers (McCormick 
et al., 1982) showed that extremely highly 
concentrated particle layer was formed in the 
winter polar stratosphere (They called it 
"Polar Stratospheric Clouds"). Behavior of 
polar stratospheric aerosols in winter, even 
though its nature is not fully known, seems 
to be very important phenomenon which pos-
sibly influences on global budget of water 
vapor and/or sulfur. 
Lidar measurements on stratospheric aero-
sol has been made at Syowa Station (69.00°S, 
39.35°E), Antarctica, since March 1983 as a 
part of the international project Antarctic 
1) This paper was presented at the Japan-11.S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components", 
Fukuoka, 12-14 June 1989. 
Middle Atmosphere (MAP/AMA). Noticeable 
enhancement of the stratospheric aerosol layer 
which correlated with very cold atmospheric 
temperature was frequently observed in 
winter. Informations presented here should 
be useful for studies on particle formation 
processes of "Polar Stratospheric Cloud", the 
effect of the winter enhancement of polar 
stratospheric aerosol layer on global budget 
of aerosol particles, water vapor, and sulfur 
compounds in the stratosphere. 
In this paper we should like to present the 
results on the polar stratospheric aerosol layer 
which were gained at Syowa Station (69.00°S, 
39.39°E), Antarctica in 1983. As far as we 
know, they are first lidar measurements on 
polar stratospheric aerosols and thus should 
be very interest even if they are preliminary , 
Measurement 
The main characteristics of lidar used here 
are listed in Table 1. During the observational 
period, we performed lidar observation under 
the system condition that the height resolu-
tion was 0.5 km. laser pulse power in the 
range from 0.1 J/pulse to 0.5 J/pulse, and 
pulse repetition rate (1.5 Hz. 
The scattering ratio is defined by follow- 
NOTES AND CORRESPONDENCE 
Lidar Measurement of the Stratospheric Aerosol Layer 
at Syowa Station (69.00°S, 39.35°E), Antarctica" 
By Yasunobu Iwasaka 
Water Research Institute, Nagoya University, Chikusa-ku, Nagoya 464 
(Manuscript received 10 December 1984 in revised form 22 February 1985) 
Abstract 
The measurements on polar stratospheric aerosol particles using lidar and meteorological 
sonde at Syowa Station (69.00°S. 39.35°E), Antarctica revealed that the content of strato-
spheric aerosols noticeably increased in winter when atmospheric temperature frequently 
fell down to about —80°C in the lower atmosphere. 
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Scattering ratio=[B, BO/ B, 	( 1 ) 
where B, and B, are backscattering coeffi-
cient of atmospheric molecules (Rayleigh 
scattering) and of aerosol particles (Mie scat-
tering) respectively. In order to estimate the 
value of scattering ratio, we used so-called 
"matching method" (e.g., Russell et al., 1976). 
Air density was estimated on the basis of 
radio sonde data. 
The vertically integrated value of B, in 
the stratosphere given by, 
r `B,(z)dz, 
where z,: upper boundary of integration, 
z,: lower boundary of integration, 
is recognized as the parameter showing the 
column density of particulate matter in the 
stratosphere. 
Fig. 1 indicates the temporal change of 
the value of the vertically integrated back-
scattering coefficient of aerosols (Here we 
call the integrated value IBC). Various time 
scale changes of IBC are found in figure. 
Here we should like to give attention to the 
variation with the time scale of about several 
months. Noticeable maximum of IBC is easily 
found in winter season form curve in Fig. 1. 
Maximum value of IBC measured at Syowa 
Station is larger than the peak value of IBC 
which was measured immediately after the 
1513 (Days) 
Fig. I The temporal change of the vertically 
integrated backscattering coefficient in the 
stratosphere, measured at Syowa Station 
(69.00°S, 39.35*E), Antarctica, 1983. 
volcanic eruption of Mt. El Chichon (Spring, 
1982: Mexico) at Japan. This result certainly 
confirmed the sudden increasing of extinction 
in winter polar stratosphere which was 
measured by satellite, SAM ll (McCormick 
at al., 1982). 
Usually it has been considered that sudden 
increase of backscattered light and/or IBC 
certainly is due to severe eruption of volcanos 
(for example St. Helens and El Chichon). 
However the winter maximum of IBC meas-
ured at Syowa Station is not due to the direct 
effect of volcanism since there was no infor-
mation on the volcanic eruptions which 
strongly affected on the winter Antactic 
stratosphere. Additionally increase of ex-
tinction in the polar stratnsphere has been 
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Fig. 2 The variation of temperature measured 
at Syowa Station (69.00°S, 39.35°E), Antarc-
tica. The rapid decrease of stratospheric 
temperature was measured on the end of 
May 1983. Since then the cold region with 
temperature lower than —80°C was frequently 
measured. The arrow f shows the day when 
lidar measurement was done. 
-so 
Tamper/110ra ( .C) 
Scattectrig Rain 
Fig. 3a Temperature profile at 1430 LT 25th May 
and the scattering ratio measured on the night 
of 25th May (1900LT-2300LT). The bar is 
the range of error. 
Scatienrg Ratio 
Fig. 31) Temperature profile at 14301.T 29th May 
and scattering ratio measured on the night of 
29th May (1900 LT-2300 LT). 
Fig. 3c Temperature profile at 1430 LT 2nd June 
and the scattering ratio on the night of 2nd 
June (1900LT-2300LT). Very cold atmos-
phere with T< —80°C appeared above 20km 
altitude and the noticeable enhancement of 
aerosol layer was first measured. The peak 
centered at 8 km was certainly thin cirrus 
cloud. 
Scatteong Patio 
Fig. 3d Temperature profile at 1430 LT 12th June 
(solid line) and at 0230 LT 1.3rd June (dotted 
line), and the scattering ratio measured on 
the night of l3rd June (1900LT-2300LT). 
Scattering Ratio 
Fig. 3e Temperature profiles at 0230LT 16th 
June, and the scattering ratio measured on 
the night of 16th June (19001.T 15th June - 
0300 LT 16th June). The temperature profile 
measured at 0231) LT 16th June suggested that 
the temperature possibly fell down to the 
value lower than 80°C above about 20 km 
altitude on the night of 15th June. 
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Table I Main characteristics of lidar system used at Syowa Station 




60  ppm 
1.5J Max. 
Approx. 36 nS & 1.5 J, 60 ppm 
374 am 
Horizontal 
Approx. 325-375 mJ & 1.5 J of 694 nm 
Approx. 78% of energy in 3 mr & 60 ppm, 1.5J 
Approx. 8.5 mm after output coupler 
Approx. ±7.5% & 60 ppm, 1.5J 
lOcrn# 
50 cm sfi 
Melcom 70/10 minicomputer system 
287 286 	 Journal of the Meteorological Society of Japan Vol. 63, No. 2 April 1985 	 Y. lwasaka 
satellite (McCormick et al., 1982). 
Winter enhancement of the stratospheric 
aerosol layer became to be noticeable on early 
June, 1983. The results on the early phase 
of the enhancement are shown in Fig. 2 and 
3. The general tendency of temperature 
change of the stratosphere in early winter is 
shown in Fig. 2 on the basis of radio sonde 
measurements which were made routinely 
(0230 LT and 1430 LT, the difference between 
local time of Syowa Station and Greenwich 
mean time was 3 hours). The arrow r in 
figure means the date when lidar measure-
ment was made. 
The scattering ratios measured from the 
end of May to the middle of June are shown 
in Fig. 3. The profiles of scattering ratios 
in Fig. 3 were made by integration of about 
700 laser pulse firings. The statistical error 
due to photon-counting method was at most 
7%. The measurement on 2nd June, 1983 
was the first one which showed noticeably 
enhanced feature. As shown in Fig. 2, the 
very cold air with temperature (T) lower than 
—80°C was found at about 20 km altitude on 
30th May. Since then the region with T < 
—70°C rapidly spreaded to near the bottom 
of the stratosphere. 
All of scattering ratio profile measured 
after the appearance of cold air showed 
enhanced shape (increase of scattering ratio, 
expansion of aerosol layer), and apparently 
there was large difference between results 
gained in May and those in June concerning 
the shape of scattering ratio profile. 
Summary and discussion 
We presented the lidar measurements on 
polar stratospheric aerosols in 1983. McCormick 
et al. (1982) reported that the large increase 
of extinction was found in the polar winter  
stratosphere and concluded that this event 
was certainly due to the particulate matter 
increase which was caused by the decrease 
of stratospheric temperature (They call this 
thick aerosol layer " Polar Stratospheric 
Cloud"). 
The results presented here also suggested 
that the decrease of atmospheric temperature 
in winter was an important factor which 
caused noticeable increase of stratospheric 
particulate matter. 
In Table 2 we summarized the occurrence 
ratio of the enhanced stratospheric aerosol 
layer on the basis of the lidar measurements 
in 1983. It can be easily found that the 
enhanced aerosol layer with the value of IBC 
larger than 2 x 10 - ssr - ' was measured only in 
very cold stratosphere with T<-80°C. How-
ever converses are not always true. Even 
when the cold air with T<-80°C was found 
in the lower stratosphere, a few cases did 
not indicate the enhanced stratospheric aerosol 
layer. But such cases are minor ones. Here 
we chose the threshold value of IBC to be 
2 x10 - 'sr - ' considering that the minimum 
value of IBC measured during the enhanced 
period • of the aerosol layer was about 
2 x10 - 'sr - I. 
Steele et a/. (1983) prebented the idea that 
the active growth of ice crystal was main 
processes which caused the drastic increase 
of polar stratospheric particulate matter. 
According to them the ice crystal growth 
becomes to be very active in the cold atmos-
phere with T < —80°C. It is difficult to 
morbid'. that the factor which caused the 
stratospheric aerosol layer enhancement is 
only decrease of the stratospheric temperature 
to —80°C. However the decrease of strato-
spheric temperature (possibly lower than 
—80°C) is at least one of the important factors  
which control the enhanced stratospheric 
aerosol layer. 
Particle concentration is, of course, con-
trolled not only by temperature field but also 
by other various factors such as density dis-
tributions of gases (water vapor, sulfuric acid 
vapor, and so on) related to aerosol formation, 
transport of particles due to dynamical air 
motions and gravity, and others. Therefore 
it is difficult to show the typical observations 
which are indicating enhancement due to only 
the decrease of stratospheric temperature, 
and reasonable to consider that there is a 
usually a little difference between the height 
of cold region and the peak height of aerosol 
concentration. So it might be meaningless 
to discuss only complete coincidence of the 
height of aerosol density peak with that of 
cold atmosphere region in profiles shown in 
Fig. 3. 
Concerning the effect of wind, we should 
like to point out that the north-south wind 
component alternated very often in the lower 
stratosphere from the end of May to the 
middle of June, 1983 and that the relation 
between wind component and enhancement 
of the stratospheric aerosol layer could not 
be made clear within the limits of the present 
experiments. 
Summarizing the present observations, the 
Antarctic stratospheric aerosol layer notice-
ably enhanced in winter, and the decrease of 
stratospheric temperature to the level lower 
than —80°C is possibly an important factor  
which causes the enhancement of aerosol layer. 
The winter enhancement of the Antarctic 
aerosol layer described here is certainly same 
phenomenon with "Polar Stratospheric Cloud" 
shown by McCormick et al. (1982). In order 
to take reasonable understanding about the 
vertical profile of aerosol content and its 
temporal change during the enhancement 
period, it should be necessary, in addition to 
lidar data, to take information on distribution 
of 11,0, 11,50,, wind system, aerosol size, 
chemical composition and so on. 
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Table 2 Appearance of the enhanced aerosol layer (Syowa Station, Antarctica, 1983). 
The vertically integrated B, 	The vertically integrated B, 
was larger than 2 x 	sr' was smaller than 2 x 10 - " sr - ' 
Cold air temperature (< -80°C) 
was measured in the lower 
stratosphere 
Cold air temperature (< - 80 ° C) 
was not found in the lower 
stratosphere 
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Fig. 1 Dispersion of the particles injected by the eruptions of El Chichon 
in 1982 and Fuego in 1974. x , C) : 
the date when the first increase of 
the volcanic particles was observed below and above 20 km, respectively. 
11,0 : the date when the largest value of scattering ratio was 
observed by lidar below and above 20km. respectively. The data of 
the Fuego particles are Le (Voltz. 1975), La (Hofmann and Rosen. 1977). 
H (McCormick et al., 1978), F (Fujiwara et al., 
1975), T (Meinel and 
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Fig. 2 Zonal wind speed; (a) the 100-mb surface and 0.0 the 30-mb surface. The large black 
circles represent the monthly-mean zonal wind of the OAM of JMA. The small circles 
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1. Introduction 
After the violent volcanic eruptions of 
Agung (Bali, 8.4°S, 115.5°E) on 17 March 
1963, observations of the stratospheric aerosols 
by a ruby lidar were carried out for the first 
time by Fiocco and Grams (1964). Since then 
iidar technique has been used to monitor the 
stratospheric aerosol layer. Especially unusual 
increase of the stratospheric aerosols injected 
by the eruptions of El Chichon (Mexico, 
17.3'N, 93.2'W) on 28 March, 3 and 4 April 
1982 was detected at many lidar stations. At 
Tsukuba (36.I'N, 140.1'E), Japan, a new 
aerosol layer was observed at an altitude of 
15 km on 25 April 1982. On 5 May, a main 
aerosol layer at 23 km was detected with a 
scattering ratio R (=total backscattering 
coeff./molecular backscattering coeff.) of about 
12 accompanying a sub layer around 15 km. 
Until September 1982 this double structure of 
the aerosol layers was observed (Uchino of 
al., 1984). Based on the observations at many 
lidar stations, dispersion processes of the 
volcanic dust particles in the lower strato-
sphere will be estimated. 
2. Dispersion processes of dust particles 
observed by lidars 
Between the eruptions of Agung and El 
Chichon, several volcanic eruptions occured 
in low latitudes such as Fuego (Guatemala, 
I) This paper was presented at the Japan-U.S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components", 
Fukuoka, 12-14 June 1984. 
14.5°N, 90.9'W, 10-23 October 1974), Soufriere 
(St. Vincent, 13.3'N, 61.2'W, 13-17 April 
1979), Sierra Negra (Galapagos Island. 0.8°S, 
91.2'W, 13 and 17 November 1979) and etc.. 
Among these, the eruptions of Fuego and El 
Chichon violently disturbed the burden of the 
stratospheric aerosols (Swissler et al.. 1982). 
Fig. 1 shows the characteristics of disper-
sion processes of the dust particles in the 
northern stratosphere after the eruptions of 
Fuego and El Chichon, respectively. The date 
of initial increase of R and that when the 
largest value of scattering ratio was 
observed are shown for each lidar station. 
In the case of El Chichon, those dates are 
plotted for the upper- and the lower-layer of 
stratospheric aerosols. References related to 
El Chichon are omitted since they were already 
shown in Fig. 6 in our previous paper (Uchino 
et al., 1984). The dates of initial increase of 
stratospheric aerosols detected from changes 
of twilight are also shown in Fig. 1 for the 
eruptions of Fuego. From this figure the 
mean meridional speed of the leading edge 
was about 1.29 m/s (=1 deg/day) for the 
El Chichon dust particles in the lower layer 
100 mb). This value is comparable to that 
of Soufriere (1. , , , 1.16 m/s) (Hirono et al., 1981), 
and it is about two times larger than that of 
Fuego (i., =0.66 m/s) (Fujiwara et al.. 1975). 
and it is to some extent smaller than that of 
Sierra Negra (t. 1 .-.1.53 m/s) (Fujiwara et al.. 
1982). 
The mean meridional speed of dispersion 
of the air parcels including the highest con-
centration of aerosols 1' 5 was roughly 0.8 e, 
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Fig. 4 Simulated trajectories of the El Chichon 
particles on the 100-mb surface during the 
period of (a) 4-30 April, (b) 1-30 May and 
(c) 31 May-29 June, 1982. 49 particles were 
initially placed at the vicinity of the El Chi-
chon volcano. 
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on an average in the lower layer below 20 km. 
Compared with the lower layer, the mean 
meridional speed of the dust particles tea in 
the upper layer was very slow in the northern 
part of 37'N as shown in Fig. 1. 
It must be noted that there are some 
uncertainties to calculate 1 ,, and t a since 
volcanic eruptions occurred during several 
days and ground-based lidar observations of 
the stratospheric aerosols can be done only 
on clear nights. It is interesting to compare 
these results by lidars with a result of 
trajectory analysis of the El Chichon particles. 
As it is very difficult to obtain vertical wind, 
the trajectories of the dust particles were 
calculated on an isobaric surface without 
taking account of microphysical processes such 








Fig. 3 A comparison between meridional wind 
speed at a grid point of the OAM and that 
at Minamidaitojima in Japan. 
April 1985 
as sedimentation. 
3. Trajectory analysis of the El Chichon 
dust particles 
The Objective Analysis Model (OAM) of 
Japan Meteorological Agency (JMA) is avail-
able to get the wind data on the isobaric 
surfaces (Report of E.C.C. 1983). Fig. 2 
shows comparisons between mcnthly-averaged 
mean zonal wind of the OAM and mean zonal 
wind at each meteorological station from the 
Monthly Climatic Data for the World in April 
1982. There is a clear difference between 
them in latitudes below 20°N for the 30-mb 
surface. This might be because of short-
coming of the OAM. The meridional wind 
component at a grid point of the OAM is 
compared with that obtained at Minamidaito-
lima near to the grid point as shown in 
Fig. 3. These data approximately agree with 
each other within 5 m/s. From these com-
parisons, for the present, wind data of the 
OAM of JMA will be usable for the trajec-
tory analysis of the El Chichon particles 
except at low latitudes on the 30-mb surface. 
To calculate trajectories of the El Chichon 
particles every one hour on an isobaric surface, 
wind data were interpolated from data of 
5x5 degrees and 12 hours. On 4 April 1982, 
49 particles were initially placed in the range 
of a radius of about 850 km around El Chichon, 
which are based on the observations of Nimbus 
7 satellite (Kruger, 1983). Fig. 4(a) shows 
the trajectories of these particles on the 100- 
mb surface until 30 April. Most of the par-
ticles moved eastward. The particles initially 
placed at the extreme northern border of El 
Chichon circled around the globe for this 
period, and moved northward to some extent. 
The first increase of R in the lower layer 
on 18 April at Fukuoka (33.5°N, 130.4'E) is 
simulated in this trajectory analysis, but 
latitudinal dispersion of these particles is 
necessary to explain the initial increase of R 
on 21 April at Frascati (41.8°N, 12.7°E). 
There is a possibility that the dust particles 
injected on 28 March were detected at this 
observatory. 
Continuous trajectories of the particles 
from May to June are shown in Fig. 4(b) and  
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Fig. 5 Instantaneous positions of the El Chichon 
particles on 4 April ( • ). 30 April (x 1, 30 
May (•). and 29 June (..) 1982. 
(c). The particles were dispersed into higher 
latitudes with northern and southern meander. 
Fig. 5 shows instantaneous positions of the 
dust particles at the end of time in Fig. 4(a), 
(b) and (c). It is clear that the leading edge 
of the particles was moved to high latitudes 
within about three months on the 100-mb 
surface. This rate of dispersion of the par-
ticles (.-, 1 deg/day) is similar to the obser-
vational results of the El Chichon dust cloud 
by lidars. 
A simulation of the El Chichon particles 
on the 30-mb surface was also carried out 
with the same initial conditions on the parti-
cles as those on the 100-mb surface. These 
particles moved westward and about ten per-
cent of them traveled around a semicircle of 
the globe. This result is not consistent with 
the observational result by satellites (Robock 
and Matson, 1983). The satellite data show 
that the El Chichon cloud traveled completely 
around the globe in three weeks and distri-
buted over a latitude band of 20°N 1 10° 
approximately on 25 April. 'I'he difference 
       
  
- Mpm11/01T03111AUS.ra.131.rr 
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Fig. 6 Simulated trajectories of the El Chichon 
particles on the 30-mb surface during the 
period of la) 26 April 25 May, (1.) 26 May-- 
24 June, (c) 25 June-24 July, 1982. Initially 
the 45 particles were uniformly placed around 
a latitude circle of 20°N on 26 April. 
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may be due to unrealistic wind data of the 
OAM in latitudes below 20°N. To travel 
around the globe on a latitude range of I0-
20'N in three weeks, the mean zonal wind 
speed is estimated to be 21.7-20.7 m/s, which 
is comparable to the wind speed as shown in 
Fig. 2(b). 
Based on the above-mentioned satellite data, 
a uniform distribution of 45 particles was 
assumed around a latitude circle of 20°N on 
26 April. Their trajectories were calculated 
for three months. In this analysis, the lead-
ing edge of the particles did not reach Japan 
by the clid of the first month (Fig. 6(a)), 
although R„,.„• was observed over Japan in 
May, as shown in Fig. 1. However, if they 
were assumed to be initially positioned on a 
latitudinal circle of 30'N, a part of the par-
ticles reached Japan within the first month. 
In June, the trajectories of the particles 
deviated a little in the range of latitude 
30-60°N (Fig. 6(b)) and in July particles moved 
almost zonally in the southern part of 60 ° N 
(Fig. 6(c)), During the first four months after 
the El Chichon eruption, the particles on the 
30-mb surface were dispersed as far as 60°N 
in this trajectory analysis. The simulated 
dispersion rate on the 30-mb surface was also 
slower than that on the 100-mb surface. This 
is consistent with the observation.  
4. Remarks 
In this note, the movement of the leading 
edge of the El Chichon particles was mainly 
discussed. Initial increase of the El Chichon 
particles was observed at two levels of about 
16 km and 25 km almost the same time over 
Japan (Flirono and Shibata, 1983; Hayashida 
and Iwasaka, 1983). The particles in the 
lower level were transported by westerly 
wind. The mean meridional speed of the 
leading edge of the particles was about one 
degree per day (=1.29 m/s) in a latitude 
range of 17.5-47.5°N based on the observa-
tions by lidars. The particles in the upper 
level were transported by easterly wind and 
traveled completely around the globe in three 
weeks as shown by the satellite data. 
A preliminary trajectory analysis was done 
using wind data of the OAM of JAM. Initial 
increase of the El Chichon particles in the 
lower level over Japan was approximately 
identified. During the first three months 
after the eruption, the particles were dis-
persed into higher latitudes in the calculation. 
This rate of dispersion of the particles is 
similar to the observational results by lidars. 
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1. Introduction 
Two wavelengths F=1.06 pm and S=0.53 
pm of Yag lidar system were used to obtain 
profiles of atmospheric aerosols at Fukuoka 
(Hirono et al., this issue)... The normalization 
of the profiles are made by using the same 
parameters calculated from the observed 
aerosol size distributions near the tropopause 
by University Wyoming group at south Texas 
and Wyoming in May, August, October 1982 
and January 1983 (Hofmann et al. 1983). The 
results are shown to have good quality to 
estimate the order of magnitude of aerosol 
concentrations between the height range from 
9 to 30 km i.e. including several kilometers of 
the upper troposphere. But the two-wave-
lengths are insufficient to give detailed in-
formation of aerosol size distributions which 
are shown to be bimodal for the Chichon 
clouds. The normalization procedure used to 
the profiles is very sensitive to various param-
eters. If we use conventional procedure, that 
the minimum scattering ratios R„,,„(2)= I (2=- 
F, S), between the altitude range from 9 to 
32 km—often near 30 km--then obtained pro-
files of the ratios of the backscattering co-
efficients F= f3A(S)IPA(F) take unreasonable 
values which cannot readily reconcile with 
theoretical anticipation. 
' This paper was presented at the Japan U.S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components", 
12 14 June 198,1. 
llowever, the following method gave good 
results from the view point of sound aerosol 
formation theory. 
According to recent study results (Ilirono 
et al. 1984, Shibata et al. 1984) the diffusivity 
takes extremely small values in the easterly 
wind region higher than about 20 km at middle 
and lower latitudes for spring and summer. 
In the westerly wind region lower than about 
20 km at the above mentioned latitudes, the 
diffusivity takes much higher values which 
are of the same order of magnitude as shown 
by Luther (1973) or Cadle et al. (1976) in a 
more sophisticated fashion. The numerical 
results of the latters using two dimensional 
analysis suggest that the aerosols near tropo-
pause would be fairly uniform for latitudes 
from 33°N (Fukuoka) to 28°N (S. Texas) 
several months after the volcanic injection, if 
there were no significant settling of large 
particles from upper diffusion-free region to 
those altitudes. The upper•region contained 
densest aerosols for about three seasons, 
therefore the problem of settling should he 
seen with special care at least for one season, 
but at first we ignored the effects. 
We used spline fit of balloon data for 3 km 
above tropopause to calculate parameters of 
aerosols based on the Mie theory for the above 
mentioned period. These parameters are used 
to renormalize lidar profiles at the same 
altitudes over Fukuoka, though the distance 
of the two stations is about 13.5 10' km apart. 
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Fig. 1 Aerosol column mass above altitude 20 km. 
SME monthly zonal mean values are denoted 
by dashed lines S. The values at Fukuoka 
(33 °N) and south Texas (27 ° N) are denoted 
by F and T, respectively. These values are 
shown by May and M„(H. & R.) in Table 2. 
In May, lb= 1/2 is taken for Ald.(Fukuoka). 
tral extinction of the obtained data agree well 
with those of the other global data (Spinhirne 
et al. 1983, DeLuisi et al. 1983), but those of 
May '82 should be seen with special care as 
explained later in the next section. 
The integrated aerosol backscattering B e 
=1,8 4(F)dz obtained after renormalization is 
about 1.8 times conventional value B, for 
=1, since August 1982. The column mass 
MA obtained by renormalization is therefore 
about 1.8 times conventional value M,, but 
the optical depth r(550) at 550 nm is obtained 
from B e multiplied by about 69.7 124 sr being 
about one 1.8 th of the conversion factor of 
Pinnick et al. (1980). 
In Fig. 1 we compared the values of AC/ 
with those obtained by balloon sonde and zonal 
mean column mass deduced by Solar Meso-
sphere Explorer (Thomas et al. 1983). The 
details will be given in the next section by 
using 'fable 2. 
2. Calculated results and discussion 
The details of the procedure to obtain 
normalized backscattering profiles mentioned 
in the previous section are given in this sec-
tion. 
The aerosol backscattering and extinction 
coefficients can be expressed by the following  
equation 
PA( 2 . z)=(47r) -IrreQ/,,(r, A)n(r, z)dr, 
( I ) 
E AR z)=r'Irr'QA.,(r, A)n(r, z)dr . 
I! 
where 2=F, S; r=radius of the aerosol : r, 
=0.05 pm, r A =3 pm, z= altitude, n(r, z) --= 
aerosol differential size distribution ; (2,„, Q„, 
=backscattering and extinction efficiency, re-
spectively, which are calculated for the re-
fractive indices 1,443— 0.005i at 2= F and 1.455 
—0.005i at A=S according to Mie theory. 
Equations (1) can be calculated against 
altitude if n(r, z) is estimated by a reasonable 
method. 
The relation between scattering ratio and 
backscattering may be written as 
13 A(1. z)! p.(2, z)=R(A, z) - 1 , 
where i9,v denotes molecular backscattering 
coefficient. 
The renormalized scattering ratio R(2, z) 
near the tropopause can be expressed by 
R(2, z)-1= (R,(2, z)— 1) C, (2) 	( 2 ) 
where R, stands for the scattering ratio when 
its minimum value is assumed to be unity at 
some altitude from 9 to 32 km. 
As shown in the previous section, by using 
the same as averaged values of aerosol param-
eters for three km height range over tropo-
pause of south Texas and Wyoming we deter-
mine values of C,(F) and C,(S). 
The values of (2) at a first guess are those 
for E A =0 meaning zero extinction in the 
height range of lidar observation. The first 
approximate value ,8,(2) of fi A -i) is obtained 
by using equation (2). The ratio i',(z) -= 
S,(S, z)/13,(F, z) is used to infer the first ap-
proximate size distribution n i(r, z) according 
to a rule explained later. 
The first approximate value E,(2, z) of 
E A (2, z) is obtained by using n i (r, z) with 
equation (1). 
The principle to determine aerosol size 
distribution is based on the experience ob-
tained after exhaustive study based on Mie 
theory of the spline fit of six channel balloon 
data mentioned above at every three km in- 
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terval of altitude. It is found that although 
multimode size distribution prevails during the 
whole period May '82—January '83, the main 
target of the F and S wavelengths is almost 
a single mode which has largest radius, and 
other modes have negligible contribution to 
the receiving signals. 
If every mode of bimodal size distribution 
makes equal contribution to the receiving 
(A) 
1982 MAY 17, 22 
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signals, at least six wavelengths would be 
necessary to determine the distributions. In 
other words, we cannot obtain detailed in-
formation on the optically minor modes, by 
using the two-wavelength lidar system. The 
essential part of our procedure is the use of 
an empirical mode (b) as explained below. 
The determination of size distribution at 
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(27c)"` In a exP I 	2 In'cr 	1 
( 3 ) 
which is a Zold distribution with a=1.8(const.), 
N=a const. to be determined by (1) and r t, 
is a variable being used to fit the value of r. 
(b) If T(z)<2, we used the form of func-
tion 
n(r, 
— (In r —In r„,)t 
(2/0' 'On a,lr exP I 	2 lea, 	
(4 ) 
which is a lognormal distribution with N,--a 
const. to be determined by (1), 0,=1.2 
(const.) and r,,, -=a variable being used to fit 
the value of r. 
If we use and E l , the second approximate 
value 19 11  is obtained from 
31 1( 2, z)=13 1( 2, z)T - '(z o , z:1) 
Fig. 2 Renormalized profiles of fi,,(F). The mark x shows calculated 
values on Mie theory by using balloon data at south Texas (May—Oct.) 
and Wyoming (January 1983). F- 1 06 pm. 
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Fig. 3 Renormalized profiles of ,.4 A (S). The same mark x is used as in 
Fig. 2. 5 , 0.53 pm. 
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Fig. 5 Effective mean radius of aerosol particles at the lidar wavelength 
F= 1.06 pm : denoted by F.,/. This shows the most probable target 
radius of the lidar. 
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T=-expH E,(2, z')dz'} 
where zo stands for the lowest height of ob-
servation. By using TH (z) -=i9 1 ,(S, z)//3 11 (F, z) 
we obtain n it (r, z). This procedure is repeated 
ten times until 	 PA(F)=Axi(F), 
=fixi(S), r(z)==rx,(z) are obtained as shown 
in Fig. 2, 3 and 4. The convergence of the 
repeated procedure was, in fact, sufficiently 
good after half repeated times. 
If n(r, z) is used, the effective mean radius 
for the lidar observation at wavelength 2 can 











2)n(r)dr 	( 6 ) 
which is different from mean radius because 
of the presence of weighting factor (2 0,(r, A). 
The values of P.5(F) vs. altitude are shown 
in Fig. 5 for the period May '82 to January 
'83. 
In May Peff(F)--1.4 pm but after August 
this value is less than or about equal to 1 pm. 
For the period May and June '82 we made 













The same mark x is 
documented, which should be given special 
attention. 
(1) The numerical results of Cadle et al. 
(1976) suggest that near the tropopause the 
aerosol concentrations at 28°N (south Texas) 
and 33°N (Fukuoka) are approximately equal 
after two months since volcanic injection on 
the model without including sedimentation 
of giant particles. During one season after 
the eruption of El Chichon (April 1982) the 
falling of ash and giant particles (r> 1 pm)  
was thought to be significant. Then the 
densest part of aerosols above 20 km altitude 
was located at latitudes from about 15"N to 
25°N (Thomas el al. 1983). Meridional gradient 
of aerosols in the region near tropopause 
would not be quite negligible in May, if the 
existence of falling giant particles are taken 
into account. 
On May 22, the renormalization gives C,(F) 
".4f and C,(S)--f, including uncertain factor 








Fig. .1 Renormalized profiles /'(z) =,9 A (S)/P A (F) 
used as in Fig. 2. 
Table 2 	Column aerosol 
Observed data by 
mass Add, Ma and optical depth r. 
other methods are also shown. 
Aug. '82 	Oct. 	'82 	 Jan. 	'83 May '82 
17, 	19, 21, 22 19 18, 21, 22, 25 24, 25, 28, 31 
Afa o(0.17±0.1) 0.046 O. 032 + O. 001 0.074±0.01 
(On') (0.18<13<1) 
M, 1.03±0.0001 0.02 0.019+0.004 0.042 + 0.007 
Ma/Me 5.670 2.3 1.62 1.78 
M(H. & R.) 0.2 (S. Texas) 0.03 0.036 0.05 
h> Trop. (S. Texas) (S. Texas) (Wyo.) 
Ma u
. 
0(0. 13 ± 0. 08) 0.033 0. 025 ± 0. 008 0. 027 ± 0.004 
(SME) 0. 025 0.023 0.024 
Lat. 27°N 
M„(H. & R.) 0.12 0.023 0.025 
r(S) c$ (0. 179± 0. 054) 0.065 0.09 ±0.019 0.13 	±0.027 
r (425) (a) 0. 325 ± 0. 083 
20°N 
r(500) (b) 	0.1 
33°N 
r(694) (c) 0.05 
33'N (d) 0.055-0.12 
(a) optical depth at 2=425nm measured by DeLuisi at al. (1983) at Mauna Loa. 
(b) optical depth at 33°N by sun photometer airborne (Dutton et al. 1983 2-500nm). 
(c) the same as (b) except (Spinhirne 1983 2=694 nm). 
Id) airborne lidar at 33°N (Swissler et al. 1983, 2=-694 am). 
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Table 1 Mean values of )9 4 (F) at every height 
range in units 10 - "m - ' sr' 
Height May June July 
range (km) (1982) 
13-16 4.06± 	1.83 2.86+0.63 1 
11-13 6.78±13.75 2.6 ±1.1 0.996±0.71 
9-11 8.32-113.6 3.17±1.18 1.6 	±0.27 
renormalization. The values of f, however, 
may be less than unity in reality, as men-
tioned above. If we have f--0.5 which would 
be most probable, the values of R=0.7-1 for 
f =1) would become about 1.5 times these 
values and hence roughly equal to those in 
August. Thus it is impossible to discuss the 
difference of the effective radii P between 
May and August. 
(2) The profiles below 15 km are examined, 
on the next stage, to examine the influence 
of settling of giant particles. For this height 
range, the influence of extinction on the way 
of laser pulse propagation is negligible. The 
Yag laser does not emit fluorescence and 
hence the obtained profile is reliable if the 
normalization is reasonable. We have eleven, 
seven and two profiles in May, June and July, 
respectively. The values of 19,,(F) calculated 
on the assumption R(F),„,„=1 are shown in 
Table 1. From values shown in the table, 
gradual decreasing until July is noted. 
Among available data on eleven days in 
May, which are shown in Table I, for the 
selected days 17th. 19th, 21st and 22nd. the 
renormalization was performed to give 13,,(F) 
=2x 10 `, 2x10 - ', 10' and 7x 10 - "m - ' sr - ' 
and hence including again uncertain factor f 
mentioned above 
tg A ( f')= f (7 ,5 L-7.5) 10 m sr' 
at the height range 9 II km. Here 1=1, and 
the values at (=0.25 agree with those ob-
tained by conventional method R„,,,,=1. The 
significant dispersion of the values would be 
due to appreciable meandering of the zonal 
wind in addition to the situation mentioned 
in the previous section. 
The integrated aerosol backscattering B, 
.13 .+(f)dz (from 13 to 29 km: obtained for 
the conventional normalization procedure 
R,„,„(F)=1 is multiplied by a factor 33 sr this 
being a factor by Pinnick et al. (1980), to 
obtain column aerosol mass Af, in gime. The 
column aerosol mass M, obtained by the pre-
sent normalization procedure are also cal-
culated, and additional suffix u denotes those 
calculated for the range higher than 20 km, 
which are shown in Table 2 together with 
observed data by other kind of measurements 
for comparison. 
The meandering of the Chichon zonal cloud 
and significant settling of giant particles in 
May would produce a little meridional gradient 
of aerosols at the level of renormalization. 
Suppose that the corrected value of M, against 
this cause is represented by #Af d , then rk= 
0.18 is obtained by equating the product with 
Al,. The value 0.18<rti<1 and especially g5-- 
0.5 seem to be appropriate. 
In Fig. 1, We compared the values M,„ 
(0=0.5 in May) with Mr (H. & R.) and Af„ 
(SME) calculated from Hofmann et al. (1983) 
and Thomas et al. (1983), respectively in May, 
Aug. Oct. 1982. It may be seen that 0=0.5 
in May could be tentatively adopted to be the 
best value, but it is not conclusive. After 
August these values are in satisfactory agree-
ment. 
Optical depth r(S)=E,,(S, z) obtained by 
the same renormalization at the wavelength 
S and r(425) at Mauna Loa, r(500) and r(694) 
at 33°N obtained by airborne detectors are 
also shown in Table 2. 
The difference of the optical depth depend-
ing on the wavelengths mentioned above seems 
to be very small amounting up to about 10°., 
as compared with that at 550nm during the 
season according to DeLuisi (1983) and results 
of Mie calculations by using the aerosol size 
distribution presented here. 
It may be seen from the Table that the 
column mass Afd and r(S) agree well with 
those by other methods and 95-0.5 and also 
f., -, 0.5 may he adequate. 
In April '82 r (425) -41.466.ill.24 at Mauna 
Loa, showing significant spatial inhomogeneity 
of the cloud (DeLuisi et al. 1983). 
It may be estimated that for several weeks 
after El Chichon eruption, the aerosol column  
mass near Mexico within longitudinal distance 
30° from El Chichon would be about ten times 
or more as compared with zonal mean value 
judging from these figures and El Chichon 
cloud distribution shown by Robock et al. 
(1983). 
After August r (S),/fi,==.125J-,24 sr which is 
essentially equal to the conversion factor 130 
sr of Pinnick et al. (1980) as a result of the 
cancelling of multiplying factors to II,. 
In conclusion, after four months of the 
eruption of El Chichon, the concentrations 
and optical parameters of aerosols at S. Texas 
(28°N) and Fukuoka (33°N) near the tropopause 
in the stratosphere are shown to be almost 
equal. But for several months after eruption, 
the concentration at the lower latitude (28°N) 
might be about twice or more than that at 
(33°W. The two dimensional model including  
densest aerosols in the higher altitude than 
20km should be completely revised, 
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1. Introduction 
Dunkerton 11983) showed that the tempera-
ture rise in the tropical (20°S-20°N) stratos-
phere after Agung volcanic eruption 1963 was 
consistent with those inferred from the ther-
mal wind structure of he abnormal Q130 
(Quasi Bienniel Oscillations, calculated by his 
one-dimensional model. The situation would 
be similar to those after El Chichon eruption 
1982 and the recent observed data seem to 
support this presumption (Labitzke and 
Naujokat 1984). A necessary condition of his 
theory is volcanic aerosols confined near the 
equator for about 5 years. He showed that 
aerosol atmospheric heating can modify QBO. 
Also he suggested a second possibility that 
the modification of QBO was due to the ex-
citation by abnormal equatorial waves in the 
troposphere which might be related to the 
ENSO (El Nino Southern Oscillation). This 
event started almost at the same time as the 
eruption of El Chichon (Philander, 1983). 
In his theoretical treatment the effect of 
the aerosol was limited within the altitude 
range from 17 to 30 km and judging from the 
observed results for the El Chichon event 
(Hirono el al. 1984), the assumed residence 
time of aerosols near the equator would be 
' This paper was presented at the Japan-U.S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components", 
Fukuoka. 12 14 June 1984. 
too long. 
In this paper we shall make estimates of 
the atmospheric heating by the aerosols falling 
through the upper troposphere for one season 
after the eruption of El Chichon 1982 April. 
The results suggest that the heating is strong 
enough to modify the Hadley circulation to 
initiate the variation of the trade wind lead-
ing to the ENSO. 
2. Variations of column concentration of 
aerosols and equatorial Pacific surface 
teperature 
Yag lidar system was used at Fukuoka 
(33°N, 131°E), since 1979 at the wavelength 
F=1.06 pm, and S=0.53 pm. The integrated 
aerosol backscattering 13,= .c13,(F)dz is shown 
in Fig. 1 for the period from 1979 through 
Feb. 1983, (Hirono and Shibata, 1983; Hirono 
et al., 1984). 
El Chichon eruption in April 1982 is clearly 
a tropical one, located at 17.33'N, 93.20'W, 
according to the classification by Lamb (1970). 
In May 1982, B,=(1.08±0.48)x 10 -3 'and 
the optical depth at the wavelength 550 nm 
r (550) is about 0.108 ±0.05 and attained a 
maximum value 0.2 in January 1983, decreas-
ing to 0.02 in May 1984 about one tenth of 
the maximum value (not shown in Fig. 1). 
Recently Handler (1984) showed that the 
ENSO took place after very large volcanic 
eruptions at low latitudes (<20° tropical); 
2**-741,—etWERANI.:IUM*eittcm7mixolftottig 
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Fig. I Variation of integrated backscatterig 
B,(F) for the period 1980-1982 and sea sur-
face temperature anomaly averaged over east• 
ern tropical Pacific: S'S-5'N, 90'W-140°W. 
Krakatoa 1883, Santa Maria 1902, Agung 1963 
and El Chichon 1982. Schatten et al. (1984) 
made numerical calculations by a zonally sym-
metric model and showed that low latitude 
volcanic eruptions might trigger ENSO. They 
suggested that the eruption of El Chichon 
may provide a trigger for inducing the 1982-
83 anomalous ENSO. But the latter authors 
advocated urgent need for more sophisticated 
theories on the subject. 
The averaged sea surface temperature 
anomaly (SSTA) over the eastern equatorial 
Pacific can be a good measure of the ENSO. 
In Fig. 1 SSTA values over 90°W-140°W, 
5°S-5°N (Quiroz, 1983) are also shown. It 
should be noted that the SSTA started to 
increase dramatically at the same time as the 
eruption of El Chichon. This fact suggests 
a much shorter response time of SSTA to 
volcanic eruptions, than those of Robock (1985) 
and Hansen et al. (1978). It seems to em-
phasize the importance of the dynamical 
effect on the atmosphere and ocean, in addi-
tion to the radiative and thermodynamical 
equilibrium models of these authors. 
3. Estimation of the volcanic aerosol con-
centration in the upper troposphere at 
northern low latitudes and its atmospher-
ic heating 
According to Hofmann and Rosen (1983), 
initial loading of stratospheric El Chichon 
cloud in April 1982 was about 20 Tg(T-10 1 ), 
probably one half of which settled through 
tropopause for early several months. The 
center of the zonal stream of El Chichon cloud 
was about 20°N (Thomas et al., 1983) until 
August 1982. The active settling of giant 
particles at south Texas for early few months 
can be estimated from the value of accumulated 
aerosol concentration N , ,9 with radii larger 
than .95 pm averaged from tropopause to 30 
km being about 0.67 and 0.038 in May and 
August '82, respectively (Hofmann and Rosen, 
1983). But only one observation in May is 
available at south Texas for three months 
after El Chichon eruption. 
If aerosol unit mixing ratio m,=10 - ' g/g 
air is used, in May near the altitude 10 km at 
south Texas the aerosol mixing ratio m(a) is 
estimated at m(a) ,--.5.6m,. At Fukuoka there 
are many lidar observation data and the re-
normalization was made on May 17, 19, 21 
and 22 (Iiirono et al., in this issue) giving 
m(a)=-/(70±70)ni 1 (0.26<1<1, probably 
0.5), for the altitude 9-11 km in this month 
and m(a)-10m, on August 19 at the same 
altitude. The Yag lidar does not emit fluores-
cence and hence a mechanical shutter is unne-
cessary. Therefore the profile near 10 km is 
reliable if the normalization is correct. The 
Mauna Loa lidar observation data suggest 
m(a)--100m, in April and May 1982 near 
altitude 10 km as shown in the next section. 
These values give some reliable bases to dis-
cuss concentrations of settling aerosols in the 
upper troposphere. 
According to Czeplak and Junge (1974) and 
Kida (1983), at the tropics from latitudes 0° 
to 25° in the troposphere the horizontal eddy 
diffusion is smallest so that the dispersion of 
the pollutant is mainly due to mean atmos-
pheric motion, i.e., Iladley circulation. In 
higher latitudes than 25° the horizontal eddy 
diffusion gradually increases with latitude and 
is the main cause of dispersion. This point  
is an important basis of the present analysis. 
The meridional mean velocity <u> for Mar.-
May at 10°-20°N is about 0.6 m/s and —0.3 
m/s (northward positive) at altitudes 10 and 
2 km, respectively (Newell et al. 1972). 
The conventional treatment of settling 
aerosols through the troposphere is to neglect 
their radiative impact upon the atmosphere 
because of rapid dispersion in the troposphere. 
In the following, we shall show that if the 
concentration of the settling aerosols is suf-
ficiently large, the atmospheric heating by 
them may be strong enough to modify the 
Hadley circulation and the residence time near 
the injected region would be much longer than 
the conventional estimates. 
Suppose that the mean radius of the settl-
ing aerosols through altitude 15 km be 2 pm 
zonally distributed with peak at 20°N and 
meridional half width 10', i.e., from 15°N to 
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Fig. 2 Schematic illustration of zonal El Chichon 
volcanic cloud. Densest part is shown by 
shading and dotted region is discussed on 
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Fig. 3 Atmospheric diabolic heating rate Pi, for 
March May, which includes condensational. 
radiative, and boundary layer heating (Newell 
et al. 1974). 
over 15 km is so disposed that total amount 10 
Tg settles down through 15 km in 3 months 
(Fig. 2). It can be calculated from these 
figures that at 15 km, 20°N, the aerosol con-
centration p, is 20pg/m' and the number 
concentration is 0.3/cm'. This may be com 
pared with the observed value at south Texas 
(28°N) N„. 00-0.2/cm' in May 1982, which 
would give less p, than the above value. 
Then the mixing ratio m(a) at 15 km in 
the center of the zonal belt is estimated at 
10 - ' g/g air --100m,. When the settling con-
tinues downward, at the lower altitude 10 km 
the mixing ratio will be reduced to 60m, due 
to the increase of air density, although the 
settling velocity decreases as shown in section 




El 0  	
20 40 60 ao 100 
AEROSOL NIXING RATIO ippbml 
0.5 	1.0 
	
1 	0 	1.0 




Fig. 4 Aerosol profiles and heating rate : 
I 	Profile of aerosol mixing ratio in units 
gig air. which is estimated to be 
present for one season after eruption of El 
Chichon April 1982. 
II Profiles of heating rate by aerosols QA 
induced by absorption of radiation at 20 ° N 
lin units K/day) : Curves IA). ail, and 
(C) denote different aerosol refractive in• 
dices (see text). 
III Profiles of Qr at 211 ° N and 0 . ■̀ ■ (Newell 


















306 Journal of the Meteorological Society of Japan 	 Vol. 63, No. 2 April 1985 	 M. Hirono, T. Shibata and M. Fujiwara 307 
those estimated by lidar at Fukuoka (33'N) 
f(70±70)m, (f--0.5). In May the meandering 
of El Chichon zonal flow was appreciable, and 
hence at times they might be of the same 
order of magnitude. At the present stage the 
influence of the mean Hadley circulation to 
the distribution of aerosols is neglected, as is 
that of horizontal diffusion. 
We assumed the distribution of settling 
aerosols vs. altitude as shown in Fig. 4I for 
the latitude 20'N. which would be expected 
for 3 months after the .injection. The initial 
injection of some volcanic aerosols in the same 
altitude range might be present. The dis-
tribution is also assumed to have Lorentzian 
distribution with half width 10', i.e., the 
aerosol mixing ratio at the latitude 5,5 is given 
by m(56)=m(0.)4V1(45- 0.)' -1- 41 , where 00 =- 
20'N and 4=5'. 
We calculated atmospheric heating rate QA 
due to aerosols induced by the absorption of 
solar short wave and terrestrial long wave 
radiations, according to the theoretical study 
by Mugnai of al. (1978) as shown in Fig. 4 





N 	20' 	10' 	0' 
LATITUDE 
10 KM 
atmospheric heating rate (radiative, condensa-
tional and boundary layer heatings all included) 
for Mar.-May by Newell et al. (1974) which 
is thought to be the motive power of the 
atmospheric general circulation (Fig. 3). The 
curves (A), (B) and (C) in Fig. 4 II are ob-
tained by using aerosol models with refractive 
index m-= --ix : 
(A) x(vis.)=0: sulphuric acid aerosol with 
no impurities. t'is. denoting the value for the 
visible wave length range. 
(B) x(vis.)=0.005 : impure sulphuric acid, 
(C) volcanic ash particles. 
The case (B) would be most probable for the 
present event. In Fig. 4 111, diabatic heating 
rate Q. at the equator, 20'N and combined 
heating rate ()Ai- 4D at 20 ° N are shown. In 
the calculation of Mugnai et al. (1978) the 
heating of the atmosphere does not contain 
atmospheric absorption of the aerosol infrared 
emission and hence it may be underestimated 
to some extent. In Fig. 5 the diabatic heat-
ing rate Q. at the altitudes 12, 10, 8, and 6 
km are shown in I, II, Ill and IV, respectively 
by dashed curves. The combined heating rate 
N 	20' 	10' 	0' 
LATITUDE 
N 	20' 	10' 	0' 
LATITUDE  
QD+QA. and Q0+20 are shown by the solid 
curves A and B, respectively in the same 
figures at every altitude. It may be seen that 
QA or 204 are of the same order of magni-
tude as Q,, near 20'N and have opposite sign 
at some altitude range. 
Holton (1972a) shows by diagnostic equa-
tion that tropical Hadley circulation is gener-
ated by meridional gradient of heating rate 
in the upper troposphere. The heating Q 4 
 over 15*-25°N may greatly reduce the meri-
dional gradient due to Q. alone and hence 
may slow down the Hadley circulation in nor-
thern tropical region or even reverse the sense 
of the mean motion, if the value of m(a) is 
more than the present estimates for the early 
period of one season of concern. 
According to Quiroz (1983) the westerly 
wind at the altitude 200 mb (11.5 km) over 
tropical Pacific (165'W-115'W) and easterly 
wind at the altitude 850 mb (1.5 km ; over 
135°E-170°W) began to change to opposite 
directions, respectively in April 1982. The 
triggering of El Nino Southern Oscillation 
represented by the variation of SST might be 
accomplished by the mechanism mentioned 
above, followed by coupled oscillations of 
atmosphere and ocean as shown by a pre-
liminary model by Philander et al. (1984). 
The neglection of mean atmospheric motion 
to determine the distribution of settling 
aerosols is reasonable under the considerations, 
but the horizontal diffusion in higher latitudes 
than 25°N may have some effect. The nor-
thern boundary of the zonal flow may be 
more obscure than that explained here. 
4. Discussion of the results 
Stratospheric warming following El Chichon 
eruption was discussed by Labitzke et al. 
(1983), Angell and Korshover (1983) and Fujita 
(1984). According to the first law of thermody-
namics, the heating rate Q is related to the 
variation of the atmospheric temperature as 
follows : 
dt 	dt 
C' „T 	tQ 
d p 	
(8)  
where conventional notation as in 
(1982a) is used. 
The relation between the variations of Q 
and T is not straightforward and can have 
opposite sign. In order to discuss the dynam-
ical effect, the heating rate Q should be 
estimated as in the present note. 
It follows from equation (8) that 
(
a + v .v) In -F a in ° 	Q  at 	 az cpT 
( 9 ) 
where u' is vertical velocity and 0 is potential 
temperature. 
In the absence of the first term of the left 
hand side of (9), the value of Its is given by 
14' (If/x)(4/CpT) (10) 
where r--(a In Illaz)H is proportional to the 
static stability. Essentially similar equation 
is a basic process of QUO modification theory 
by Dunkerton (1983). The aerosol heating 
would produce upward advection, but in re-
ality the value of Q should include other kind 
of radiative cooling superposed on the aerosol 
heating as shown in Fig. 5. Therefore unless 
the net value of Q becomes positive, cancella-
tion of the falling velocity of aerosols would 
be small. Moreover the first term of the left 
hand side of (9) will be important. 
As shown in the previous section, the 
aerosol heating would reduce the meridional 
gradient of the diabatic heating rate, and 
hence the meridional velocity of the Hadley 
cell. If atmospheric heating by the infrared 
aerosol radiation is taken into account, the 
values of QA may be increased by a factor 
being probably not greater than 2. 
Thus the dispersion in the upper troposphere 
would be much reduced at subtropical lati-
tudes 15*-25 ° N, and hence the residence time 
of settling aerosols near the original injection 
point would become much longer than those 
suggested by conventional theory. 
For simplicity, we may use the following 
equations to show the total amount of falling 
aerosols : 










Fig. 5 Diabatic heating rate Qv at altitudes I 	12 km, 11 10 km, W : 8 km, IV 6 km. 
denoted by dashed lines (Newell el a). 1974) and A 	 B: Qn+ 20A at every 
altitudes. 
where t',-=falling velocity of aerosols, p,v , 
Holton 	aerosol mass concentration per unit volume at 
the center of the zonal flow, p arr — air density, 
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S---bottom area of zonal flow of El Chichon 
cloud from 15° to 25°N, T.--7.8 x10" s (3 mo.) 
and M,,--10Tg. According to U.S. Standard 
Atmosphere Supplements 1966 at 15°N the air 
density p„,, increases downward more slowly 
in the upper troposphere than it does at 30'N. 
The value of 1 ,,=(2/9)(p,z 2 g/r2)(1 -1- AIM de-
creases downward, where ri-=dynamic vis-
cosity coefficient, ..1=mean free path, p„-= 
density of material of particles, 21 ,--a constant 
=0.864, g=acceleration by gravity. And 
hence the value of p, increases downward 
from the equation of continuity. Thus we 
obtained the vertical distribution of m(a) 
shown in Fig. 4 I as the intermediate values 
between 15°N and 30'N. We have 1,,(--0.15 
cm/s) at 15 km and it can be readily seen that 
p, is inversly proportional to (u,T) for a given 
value of M,,. 
We utilized the calculated results by Mugnai 
et al. (1978) which are made based on the 
U.S. Standard Atmosphere Supplements 1966 
at 15'N, and the infrared flux due to the 
theoretical method of Rodgers and Walshaw 
(1966). 
The latter showed that if the tropical tro-
posphere is reasonably cloudless, an absorber 
near the tropopause can cause considerable 
heating due to absorption of radiation from 
ground at high temperature. Near 20'N it 
will fit the situation and now the absorber is 
the aerosols consisting mainly of sulfuric acid 
and of few impurities like silicate and carbon 
denoted by (B) in the previous section. The 
imaginary part of the refractive index for the 
visible wavelength k(uis.) is 0.005 for the 
aerosols and 0.05 for the silicate. The solar 
heating is about twice the above mentioned 
infrared heating at the altitude near 10 km 
and the net heating is shown in Fig. 4 
The solar heating will increase with possible 
increase of impurities in the aerosols. 
The amount of heating rate 1 K/day for 
the altitude range 9-11 km is due to the 
absorption of radiative flux 9 W/nt'. This 
value is larger than 2 W/rn' : the mean rate 
of dissipation of atmospheric kinetic energy 
by the friction at the surface of the globe. 
The absorption 6 W,In' of the above 9 W/m' 
is about 2% of the solar radiative flux 350 
W/m 2 and remaining 3 W/m 1 is about I% of 
the infrared upward flux from the globe. 
Therefore the perturbation of the radiation 
field by the presence of the above mentioned 
aerosols will be very small. 
The calculation of heating rate by Mugnai 
et al. (1798) are made on the assumption : the 
amount of aerosols is so small that the varia-
tions of the radiation and the temperature 
distributions due to the aerosol heating in the 
atmosphere are negligible. 
In the present work, it is further assumed 
that the variation of atmospheric temperature 
due to significant aerosol heating is very small 
due to the dissipation of increased internal 
energy by the mechanical work done to de-
crease or modify the Hadley cell mean motions 
and that the surface temperature is held almost 
constant for one season due to the large 
thermal inertia of the ocean. If there are 
significant temperature rise in the altitude 
range mentioned above, the infrared cooling 
would increase and hence the present calcula-
tions would show overestimated heating rate 
than the real value. Recent analysis of Angell 
and Korshover (1984) seems to support our-
treatment. 
In the early period of one season after the 
Chichon injection, the height range 12-15 km 
near 20°N will be heated by aerosols. The 
equatorward gradient of heating would trans-
port a small amount of aerosols towards ITCZ 
where very low temperatures (< —83°C) exist 
at limited places (Newell and Gould-Stewort, 
1981). The settling aerosols over ITCZ will 
form cirrus-like cloud, in such a very low 
temperature, according the theory of Steele 
et al. (1983). The cirrus like cloud will act 
as a semi-transparent resonator with earth 
surface due to the size of its particles being 
not much less than the half wavelengths of 
the infrared earth radiation. The infrared 
earth radiation inside the resonator will be 
intensified and hence the absorption of the 
radiation by the atmosphere or aerosols will 
be increased. This zonally very inhomo-
geneous heating at the height range might 
modify the Walker circulation. 
Thus far zonal homogeneity of the Chichon 
cloud was assumed. But according to Rohock  
and Matson (1983) appreciable zonal inhomo-
geneity and meandering of the cloud was 
present. It would be possible that the settl-
ing cloud concentration at the altitudes 8-12 
km near Mexico within the longitudinal dis-
tance about 30° from El Chichon was ten 
times the zonal mean value assumed in Fig. 4 
for several weeks. Then atmospheric heating 
by these aerosols will be about 5 K/day or 
more for about several weeks at the altitudes. 
If significant inclusion of impurity like carbon 
in addition to sulfuric acid is taken into ac-
count, heating would be appreciable. Meander-
ing or broadening of the zonal wind would 
transport the cloud to lower latitudes tem-
porarily for significant fraction of the period. 
According to the study of Holton (1972b) the 
heating of the atmosphere of this order of 
magnitude is possible to excite the mixed 
Rossby-gravity waves and Kelvin waves in 
the tropical region, of which the latter can 
significantly modulate the trade wind at the 
surface. In reality the weakening of the 
trade wind began in April 1983 (Philander, 
1983 ; Quiroz, 1983). 
The supposed modification of the circula-
tion should be subject to numerical model 
simulations to test the validity. Much more 
work is still needed to confirm the situations. 
When this note is written, Dr. J. J. DeLuisi 
kindly sent us all lidar data at Mauna Loa 
(19'N) for one 'season after April 1982. A 
renormalization of the data in a similar way 
as in a companion paper (Hirono et al., this 
issue) gave results supporting our model shown 
in Fig. 4 I. The details will be reported in 
a later paper. 
5. Concluding remarks 
In the tropical upper troposphere, the hor-
izontal diffusion coefficient is thought to be 
lowest on the globe. The Chichon volcanic 
zonal cloud had its center at about 20°N for 
the first one season and the densest part was 
located at latitudes from 15°N to 25°N. The 
profiles of settling aerosols during this season 
is supposed to be within this subtropical re-
gion, where the amount of precipitation is 
also small, especially above altitude 5 km. 
The residence time of settling would he much  
longer than about 10 days estimated by con-
ventional analysis in the middle and higher 
latitudes. It is shown that the atmospheric 
heating rate around 15°-25°N is sufficiently 
strong to modify Hadley circulation. For the 
season, the Hadley circulation in the northern 
tropics would be weakened and also the trade 
wind at the same time. This may be effective 
for the triggering of El Nino Southern Oscilla-
tion, which would be followed by the coupled 
atmosphere-ocean oscillations. 
For several weeks after eruption, the 
Chichon cloud was zonally very inhomogeneous. 
In the region near Mexico, the concentration 
of falling aerosols including ash near the 
altitudes 8-12 km might be ten times those 
zonal mean values presented here (Hirono 
at al., in this issue). Therefore the atmos-
pheric heating by them might be strong 
enough to excite equatorial waves, of which 
Kelvin waves may modify the trade wind at 
the surface. 
These mechanisms are qualitative at pre-
sent. Much more work is essential to confirm 
the situation. 
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1. Introduction 
The purpose of this paper is to characterize 
some of the One scale structure in profiles of 
ozone and aerosols during a stratospheric 
warming using data from the Stratospheric 
Aerosol and Gas Experiment (SAGE I). In 
order to do that, the large-scale synoptic con-
ditions are assessed with maps produced by 
the U.S. National Meteorological Center (N MC). 
The main stratospheric products of the U.S. 
National Meteorological Center are globally 
analyzed and numerically gridded meteoro-
logical fields of heights and temperatures. 
These stratospheric gridded fields, at levels 
from 70 to 0.4 trib, have been analyzed and 
archived on a daily basis at NMC since Sep-
tember 1978. Stratospheric heights and tem-
peratures up to 10 mb have been available 
since 1964. The maps have been analyzed by 
This paper was presented at the Japan-U. S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components", 
Fukuoka. 12 II June 1981. 
an iterative correction scheme discussed by 
Cressman (1959) with some modifications dis-
cussed by Yanai (1964). Gelman et al. (1983) 
summarize some of the data and analysis pro-
cedures that went into the maps. They also 
discuss the limitations of the products. Also 
available as a product from NMC are hemi-
spherically analyzed maps of ozone mixing 
ratios from the Nimbus 7 Solar Hackscatter 
Ultraviolet (SBLIV) instrument at the same 
stratospheric levels as the height and tem-
perature data from 30 to 0.4 tub. The SBUV 
ozone data are also analyzed by the same 
scheme discussed above for the meteorological 
maps. These maps will be used as a guide 
to stratify the SAGE data. 
The SAGE I program is described by 
McCormick of al. (1979) and the SBUV in-
strument is described by Heath et al. (1975). 
The SAGE I instrument is a four-channel 
photometer that measures the intensity of 
sunlight at sunrise and sunset events with a 
vertical resolution of 1 km. The stated ac-
curacies are 5' at 25 40 km for ozone and 
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Abstract 
The fine scale vertical structure of SAGE I ozone and aerosol data during a stratospheric 
warming is investigated using meteorological and SBUV ozone data. By stratifying the 
ozone and aerosol data for a limited time period. we are able to compare the structure of 
profiles under different meteorological conditions. For example, the cold air region shows 
more laminated structures than the other regions. In addition, vertical motions calculated 
at the same locations as the SAGE profiles show that they are consistent with variances 
found in the ozone and aerosol data. 
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10% for aerosols between the tropopause and 
25 km and 30% at 25-35 km (Russel, 1979). 
SBUV senses the solar backscatter ultraviolet 
radiation at the nadir point, yielding more 
than 1000 data points over the globe each day 
with a vertical resolution between 5 to 8 km. 
Comparisons with ground truth indicate a bias 
of about 5% lower for SBUV below the mix-
ing ratio peak and a 5% agreement with op-
tical ozonesonde rockets at higher levels (Fleig 
et al., 1982). With a clear difference in hori-
zontal and vertical resolution for the ozone 
data, we see that both instruments can com-
plement each other to enhance their capabilities. 
In this context, given the fine scale vertical 
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resolution of data from SAGE I, we will com-
pare SAGE ozone and aerosol data together 
with NMC analyses of heights and tempera-
tures and ozone analyses from the SBUV in-
strument on Nimbus 7. 
McCormick et al. (1983) have looked at data 
from the Stratospheric Aerosol Measurement 
(SAM II) satellite system and found aerosol 
profiles with lower optical depths to lie within 
the lower pressure region of the polar vortex 
at 50 mb for a single day. Following up on 
their investigation, for this paper we will 
focus our attention on the 2 mb level near the 
ozone volume mixing ratio peak during a 
dynamically active period at this level. The  
period investigated is during a time when a 
stratospheric warming was in progress in late 
February to early March 1979. The profiles 
we look at will extend to the lower strato-
sphere ; thus we will also utilize some meteoro-
logical data at other levels. 
II. Stratospheric Warming of February-
March 1979 
In late February 1979, by February 21, a 
strong warming occurred in the stratosphere 
between 50 to 0.4 mb culminating in a circula-
tion reversal at 2 mb on February 27, 1979 
near the polar regions. The warming is 
documented by Quiroz (1979). Others have 
investigated various phases of the winter  
period that included the major warming. 
Wang et a 1 . (1983) used SAGE I data to in-
vestigate ozone transports during the period 
of the warming. Nagatani and Miller (1984) 
used SBUV data to investigate, on a monthly 
basis, transports and ozone-meteorological rela-
tionships during the course of the first year 
of SBUV operation. We will focus our atten-
tion to the three days when the warming was 
already in progress from February 27 through 
March 1, 1979. These three days were chosen 
because SAGE I data were obtained at desir-
able latitudes and the meteorological data col-
lected during this period were optimal also. 
Figures la-lc show the 2 mb temperatures 
on February 27, 28, and March 1, 1979 while 
Fig. 1 2-mb temperatures (Centigrade). Letters C(cold) and W(warm) determine locations 
of SAGE data points plotted in Fig. 4c and 4b. respectively. a) February 27, 1979. 
b) February 28, 1979. c) March 1. 1979. 
Fig. 2 2-mb geopotential meters. Letter L(low pressure) determines locations of SAGE data 
points plotted in Fig. 4d. a) February 27, 1979. b) February 28. 1979. ct March 1. 1979. 
t/.1•1'• 
• 	 ' I .:it:: 
- 
Fig. 3 2-mb ozone mass mixing ratios (pgin/gm). letters ••(high ozone) and 1.(low ozone) 
determine locations of SAGE data points platted in Fig. 4a and 4h, respectively. at 






ON 	 10 	 1 	 0 	 • 	5 • 	 ID II 
	
••••• • ■ • ■ •• 1111,101•••VI 	 020qt Mi.. .1•1.0 ,••••I 
Fig. 4 Vertical profiles of ozone volume mixing ratios (ppinv) from SAGE I. 
Squares, triangles, and circles represent SBUV data interpolated from 
maps to SAGE measurement locations. a) Profiles from high SBUV 
ozone regions (indicated by letter H in Fig. 3). b) Profiles from warm 
temperature region (indicated by letter W in Fig. 1) and from low 
SBUV ozone region (indicated by letter I. in Fig. 3). c) Profiles from 
low temperature region (indicated by letter C in Fig. I). di Profiles 
from low pressure region (indicated by letter I. in Fig. 2). 
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Figs. 2a -2c show the geopotential heights for 
the same days. On February 27, the warm-
ing had already reached its peak, with the 
warmest air over the Barents Sea region near 
the polar regions as shown in Fig. la. Figure 
2a for the same day shows a circulation re-
versal near the polar regions, with the anti-
cyclone splitting the polar vortex into two 
main lows and a third weaker low over the 
Siberian region. On the succeeding two days 
in Figs. lb-lc for the temperatures and Figs. 
2b-2c for the heights, the warm air weakens 
and recedes and the anticyclone begins to 
retrogress to its more normal position over 
the Aleutian region. 
The ozone distributions at 2 mb obtained 
from an analysis of SBUV data for the same 
three days are shown in Figs. 3a-3c. We see 
that the warm air (Fig. 1) is accompanied by 
an ozone minimum over the Barents Sea re-
gion. This good negative correlation in the 
general patterns between temperature and 
ozone is expected on the basis of ozone pho-
tochemical theory in the upper stratosphere. 
As the warming weakens, the strength of the 
ozone minimum also decreases on February 
28 and March 1. Note that the highest ozone 
amounts remain fairly static near the Kam-
tchatka Peninsula. 
Having noted how the circulation, tempera- 
ture, and ozone behaved during the strato-
spheric warming, we now group the SAGE I 
data according to similar meteorological condi-
tions. We first use the SBUV analyzed maps 
to determine the horizontal extent of highest 
and lowest ozone amounts and the regions 
affected during the three days. The location 
of the SAGE I profiles selected for these high 
and low ozone regions are represented by the 
I 	 t 	 • 	• • 	P • 	• .0 p. 
010•11 1•4•.14 •• ■ •• ..•• ■■•I 
letters H and L, respectively, in Figs. 3a-3c. 
The profiles for the high ozone regions on 
these three days are then plotted in Fig. 4a. 
The location of the points move from day to 
day because of the characteristics of the satel-
lite and we therefore do a composite of the 
points. As in any composite, one must be 
careful in interpreting any differences or 
similarities in the data. In the case of the 
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study here, we are more interested in profiles 
under various conditions, so the changing 
conditions at a specific location is not crucial 
here. The squares, triangles, and circles in 
Figs. 9a d represent SBUV data from analyzed 
maps interpolated to SAGE measurement loca-
tions. A comparison between SBUV and 
SAGE shows that aside from any biases be-
tween the two systems, both systems indicate 
similar profile shapes and changes of ozone 
with time. 
A striking feature of the vertical profiles 
in Fig. 4a is the relative stability or low 
variability among the profiles. This should 
become more evident as we compare plots of 
other profiles under different conditions, with 
the level of the ozone maximum between 2 
and 3mb. Note also the sharp peak in the 
ozone maximum. Figure 4b shows the ver-
tical profiles of ozone in the region of low 
SBUV ozone (high temperature) at 2 mb. The 
profiles show greater . variability, especially 
below the ozone peak, indicating a more 
dynamically active region than shown in Fig. 
4a for the high ozone region. A comparison 
between the two figures show the dramatic 
differences between the two regions including 
a lower peak between 6 and 3 mb for the low 
ozone (high temperature) region. The high 
ozone region represents a somewhat static 
region, where the winds are not as strong as 
in the other regions. The warm air or low 
ozone region, on the other hand, is in a highly 
dynamic region where the stratospheric warm-
ing is in progress and where large-scale over-
turning of the atmosphere is occurring. As a 
result, the profiles also reflect this difference. 
Details of the warming are found in Quiroz 
(1979), where he shows a circulation reversal 
at the mid-stratospheric level at 10 mb and he 
also shows time-height sections of the warm-
ing having significant amplitudes down to the 
lower stratospheric levels between 50 and 
100 mb. 
The region of low ozone amount also cor-
respond to the region of high temperatures. 
We can therefore compare Fig. 4h with the 
next group of SAGE I profiles plotted in Fig. 
4c, which correspond to the low temperature 
regions. The SAGE measurement locations  
are represented by the letter C in Fig. 1. 
The vertical profiles show an interesting 
laminated structure, much more than the other 
regions, possibly being caused by advection 
of different layers of air into the region. 
Also there is no sharp distinct maximum as 
in the previous two figures. Note the region 
between 20 and 30mb shows a secondary 
maximum, faintly visible on February 27 and 
strongly evident on February 28 and March 1. 
Also note that the broad upper layer shown 
in the February 27 and 28 profiles from 1 to 
10mb appears in the SAGE data to break up 
into two separate layers in the March 1 pro-
file. We will focus our attention on this same 
region when we look at the aerosol plots. 
A final plot of SAGE I ozone profiles, cor-
responding to regions in the polar vortex 
centered over Canada and indicated by the 
letter L in Fig. 2, is shown in Fig. 9d. There 
was a tongue of warm air coming into Canada 
at the time, though not as strong as the one 
over the Barents Sea region, associated with 
low ozone amounts evident in both the SBUV 
and SAGE data. The profiles are similar to 
those in Fig. 4b near the warm air region, 
with similar variances and structures. A 
slightly higher peak is evident compared to 
that of Fig. 4b, reflecting a situation some-
where in between that of Fig. 4a and Fig. 
4b, compatible with the meteorological condi-
tions. 
Profiles of the SAGE 1 pm aerosol extinc-
tion were also plotted for the same locations 
as for ozone and they also show very interest-
ing features. Figure 5a is a plot of the aerosol 
extinction for the high ozone region. Ex-
pected errors for February 27 are plotted as 
horizontal lines. While the expected errors 
are large at upper levels, we can still gain 
some insight into the differences, especially 
since the expected error drop off quite rapidly 
at the lower levels. As in the case with 
ozone, the variability in Fig. 5a is much less 
than the variability in the other plots to follow. 
This implies that the exchange of air with 
the outside is minimal throughout the column 
of air compared to the other regions. Figure 
5b is a plot of the local vertical motions com-
puted by the adiabatic method : 
aal \i„A-(Ver T),, 
P1Z dr 	g 
RT\ ap cp 
where the subscript p means that the varia-
ble is evaluated at a constant pressure sur. 
face. I', is the geostrophic wind. T is the 
Kelvin temperature, c„ is the specific heat 
capacity at constant pressure, g is the ac-
celeration of gravity, R is the gas constant, 
and (anat), is evaluated in a 48-hour period. 
Gridded fields of heights and temperatures are 
used to compute the vertical velocities and 
interpolated to the SAGE data points. As seen 
in the figure, very weak upward and down-
ward motions are evident throughout the 
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Fig. 5 Vertical profiles of 1 tem aerosol extinction from SAGE I with cor-
responding vertical velocities for the same points in the adjacent figure. 
Horizontal lines are expected errors for February 27. a-bi Same SAGE 
points in the high ozone region as in Fig. 4a. c-dl Same SAGE points 
in the low ozone (high temperature) region as in Fig. 9b. e-f) Same 
SAGE points in the low temperature region as in Fig. 4c. 
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column, partially accounting for the low vari-
ability. 
Figure 5c shows a plot of the aerosol ex-
tinction profiles in the high temperature (low 
ozone) region. For February 27 and March 1, 
the aerosol extinction is low throughout the 
whole column compared to many of the other 
profiles. As in the case with ozone, the vari-
ability between all three profiles is largest in 
this dynamically active region and the ver-
tical motions plotted in Fig. 5d confirm this 
activity. Compared to the plot in Fig. 5b, 
we see larger upward and downward motions 
throughout the column of air. 
Finally, Fig. 5e shows the aerosol extinc-
tion profiles for the low temperature region. 
Note the region between 20 and 30 mb for 
February 28 and March 1, where a layer of 
air with very different properties seems to 
have been advected into the region as in the 
case with ozone. The vertical motions in 
Fig. 5f show weak upward and downward 
motions, suggesting that the layer of air men-
tioned previously is probably a result of hor-
izontal advection. Papers by Danielsen and 
Mohnen (1977) and Evans el al. (1979) have 
found similar types of structures at lower 
stratospheric levels, attributed to tropopause 
folding events. The features seen in the 
SAGE data, however, are at higher levels 
than those investigated with ozonesondes. 
Evans at al. (1979) also suggest photochemical 
sinks for their "notches". However, during 
a stratospheric warming, the most probable 
explanation would be vertical or quasi-hor-
izontal advection, especially since the vertical 
mesoscale features are seen in both the ozone 
and aerosol data. 
111. Summary and conclusions 
The fine vertical resolution of SAGE I pro-
vides a unique dataset capable of being used 
for investigating synoptic and smaller scale 
features consistent with meteorological data 
and for comparison with other ozone data such 
as SBUV. We have used the data here in a 
complementary fashion and anticipate more 
studies in a similar vein. With SBUV 2 hav-
ing been launched in December, 1984 on 
NOAA-F and SAGE II having been launched  
from the space shuttle also in October, 1984, 
the next generation of similar type instru-
ments can also complement each other in 
further studies. 
Summarizing some of the results of our 
limited study, if we focus our attention on 
the 2-mb level in stratifying the data for a 
limited time period during a stratospheric 
warming, we find that the cold air region 
shows more laminated structures than the 
other regions in addition to having a peak 
that is not well defined. The high ozone re-
gion shows a sharp peak, with the whole 
profile showing less variability than the other 
regions. Vertical motions calculated at the 
same locations as the SAGE profiles show 
that they are consistent with the variances 
found in the ozone and aerosol data. 
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1. Introduction 
The role of the interaction between the 
earth's atmosphere and electromagnetic radia-
tion in driving various meteorological pro-
cesses has long been recognized. The com-
plexity of the interaction particularly in the 
mid infrared precluded detailed theoretical 
studies until Elsasser (1942) introduced the so-
called "Band Model" approximatiOn which 
replaced the detailed line structure present in 
the absorption spectrum with an approximate 
function which smoothed out the spectral 
detail. The Elsasser model which was based 
on uniformly spaced lines was followed by a 
model by Goody (1952) based on randomly 
spaced lines. Incorporation of the band models 
into studies of the flow of radiation in the 
' This paper was presented at the Japan•U.S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components", 
Fukuoka, 12 14 June 1984. 
atmosphere resulted in a much better under-
standing of the flow and our ability to model 
meteorological processes. Elsasser pointed out 
that modeling the infrared molecular absorp-
tion spectra in detail was unnecessary for 
meteorological studies at that time since it 
was not possible to incorporate such detail 
into the models due to computational limita-
tions. With the development of the large 
computers, this constraint has become less 
severe and many meteorological problems are 
being modeled using line-by-line calculations 
which retain the full spectral detail present in 
molecular absorption spectra. While the cal-
culations can be carried out in great spectral 
detail, the absolute accuracy of such calcula-
tions depends on many factors not all of which 
are known with sufficient accuracy to allow 
such calculations to be performed accurately 
enough for some studies. Experimental in-
vestigations still play a major role in deter-
mining where the problems are and in furnish- 
ing the data needed to improve the calcula-
tions. The heart of such calculations lies in 
the accurate listing of the molecular absortion 
parameters for the various species present in 
the atmosphere. The data for a listing such 
as the AFGL tape come from laboratory in-
vestigations of the various compounds. Other 
factors which enter the calculations are the 
shape of the absorption lines, the widths of 
the lines, the temperature dependence of the 
absorption, etc. The test of the accuracy 
with which these calculations can be performed 
has to be based on spectra obtained within 
the atmosphere. As higher spectral resolu-
tion has become possible in the theoretical 
analysis, it has resulted in the requirement 
for increased resolution in the atmospheric 
experimental studies used to check the calcula-
tions. The majority of the experimental in-
vestigations have involved absorption studies. 
These have generally been made by using the 
sun as an infrared source and the atmospheric 
spectra obtained by operating the spectrometer 
from various platforms in the atmosphere 
(balloon, aircraft, ground). While in theory 
if one can calculate the transmission accurately 
it is also possible to calculate the atmospheric 
emisson accurately, in practice there are 
several aspects of the problem that require 
atmospheric emission spectra as a test of the 
theoretical calculations. In this paper we pre-
sent high resolution atmospheric emission 
spectra obtained at various altitudes in the 
atmosphere using a balloon-borne spectrometer 
system. 
2, Instrumentation 
The earth's atmosphere is a very weak 
source of infrared radiation and as a result 
instruments designed to measure the emission 
under high resolution at high altitude must be 
very sensitive. The sensitivity of the detectors 
used in the mid infrared is limited by the 
background radiation reaching the detector. 
This background radiation can be reduced by 
using cold baffles limiting the detector field 
of view, however for optimum sensitivity, 
everything within the detector field of view 
including the optical elements of the spec-
trometer must also he cooled. 
The interferometer system used to obtain 
the emission spectra presented in this report 
was designed to operate at liquid nitrogen 
temperatures. Since the instrument was to 
obtain data in the atmosphere, this required 
that the unit be placed in a suitable vacuum 
dewar which kept frost from forming on the 
interferometer optics. The infrared trans-
mitting window on the dewar, which allows 
atmospheric radiation to reach the system, 
should also be cooled for maximum sensitivity. 
Since the window is low emissivity and at 
the higher altitudes runs fairly cold (-40°C) 
it was not cooled for the results presented 
here. 
The interferometer is a cat's eye system 
designed to operate at liquid nitrogen tem-
peratures. It was also designed to maintain 
optical alignment when cooled from room tem-
perature to 77 K. This was accomplished by 
constructing the total mechanical system of 
the same low temperature expansion coefficient 
material. Although the interferometer is run 
at 77 K, it is equipped with a Ge Cu: detector 
which requires cooling to at least 10 K to 
operate. A second dewar designed to hold 
the liquid helium required for cooling the 
detector is also incorporated into the system. 
The position of the moving mirror of the in-
terferometer is monitored by optical fringes 
formed by passing a He-Ne laser through the 
interferometer system. The laser for this 
system is located outside the interferometer 
dewar and transferred to the interferometer 
by means of fiber optics. Data from the in-
terferometer system are telemetered to the 
ground using a PCM telemetry system. A 
complete description of the instrument is given 
in a separate article (Murcray, 1984). 
3. Results 
The spectra presented in this report were 
obtained during a balloon flight made 23 Octo-
ber 1983. The total weight of the instrument 
ready for flight is approximately 1300 kgs. A 
140.000 m' balloon was used to carry the 
payload to an altitude of 30 km. The balloon 
was launched at 0610 MDT from Holloman 
Atli New Mexico and ascended at an average 
rate of 250 m/sec. The balloon developed a 
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Measurements of Atmospheric Emission 
at High Spectral Resolution' 
By David G. Murcray, Frank H. Murcray and Frank 1. Murcray 
University of Denver, Dept. of Physics, Denver CO 80208 USA 
and 
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A liquid N, cooled infrared interferometer system 'was flown on a balloon and used to 
obtain atmospheric emission spectra at high spectral resolution at various altitudes. The 
instrument was also used to view the earth from 28km. Samples of the spectra obtained 
during this balloon flight are presented. 
322 
	
Journal of the Meteorological Society of Japan 
	
Vol. 63, No. 2 
 










                   
                   
                   
                   
                   
                   
                 
                 
                 
                 
                 
                 
                 
                 
                 
                 
                 
                 
on 77--5- 	soo 
WaverurOur Cans) 
(a) 






rok 	575 	 900 	 926 
Waysnimbst (ems) 
(b) 
Fig. 2 Atmospheric emission spectrum obtained 
at an altitude of 15 km, viewing angle 7'. 
Vertical size expanded by from Fig. 1. 
(a) 775 cm -, to 850 cm - '. Emission is now 
dominated by lines due to CO, and 0, with a 
continuum emission at 845-850 cm - ' due to 
CFCI,. (b) 850 cm' to 925 cm , . HNO, emis-
sion features dominate this region with a small 
contribution from CF,G1 2 at 920-923 cm - '. 
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Fig. 1 Atmospheric emission spectrum obtained 
at an altitude of 4 km, viewing angle 7°. (a) 
775 cm - ' to 850cm -1 . The majority of the 
strong emission lines in this spectral region 
are due to H 20, however the feature at 795 
cm - ' is a CO, Q-branch and the lines due to 
the P & R branches are evident. (b) 850 cm - . 
to 925 cm -1 . This region is dominated by H20 
lines. 
leak shortly after reaching float altitude and 
gradually descended. During ascent the in-
strument was operated so that it looked at an 
elevation angle of 7°. Spectra obtained at 
intermediate altitudes are given in Figs. I and 
2. Once the instrument reached float the in-
strument was rotated so that it received 
radiation from 3.2° below the horizontal. 
Figures 3 and 4 show a spectrum obtained 
when the instrument was viewing the limb 
emission. When it became evident that the 
balloon was descending a mirror was rotated 
into position so the instrument viewed the 
nadir. Spectra were obtained of the upwelling 
radiation until the flight was terminated. A 
spectrum obtained in the 600 cm ' to 750 cm ' 
region from float altitude is shown in Fig. 5. 
4. Discussion 
The data presented in Fig. I and 2 show 
Fig. 3 Atmospheric emission spectrum obtained 
from an altitude of 30 km, viewing angle - 3.2'. 
This spectrum shows emission in the 800 cm - ' 
to 1000cm -1 window at a resolution of 0.12 cm - '. 
The emission in the 845 850 cm - ' region is 
due to CFCI,, 850-910 cm ' by HNO 2 , 910 935 
cm - ' by CF2 C1 2 and 950 cm ' by CO 2 . 
the change in emission with altitude in the 
so-called "window" region. The compounds 
responsible for the various emission features 
(b) 
SO - 
060 	 075 
Wavenurnber (ems) 
(c) 
Fig. 4. Atmospheric emission spectrum obtained 
from an altitude of 30 km, viewing angle -3.2°. 
This spectrum was derived from the same 
interferogram as Fig. 3 but transformed at full 
resolution (0.06 cm -'). (a) 775 cm -, to 850 
cm '. 	850 cm -1 to 925 cm - 	(c) 925 )m - ' 
to 1000 cm - '. 
are identified in the figure captions. The 
main feature to note in these figures is the 
significant amount of spectral detail present 
in the data. These data form a unique set 
for comparison with theoretical calculations. 
It should be noted that in the upper tropo-
sphere and lower stratosphere the.main emis-
sion in this region is due to IINO„, CFCI, (F11), 
and CF,C1012). Generally these compounds 
are not considered in meteorological radiative 
transfer calculations, yet at these altitudes 
Fig. 5 Spectrum of the 600 cm ' to 750 cm - ' re-
gion obtained with the instrument viewing the 
nadir from 27 km. Resolution 0.25 cm 1 . 
they dominate the radiative transfer through 
this wavelength range. 
The spectra in Fig. 3 and Fig. 4 are pre-
sented to show the dramatic change a slight 
difference in resolution can make in the ap-
pearance of the emission spectrum. The res-
olution obtained with an interferometer can 
be easily reduced by transforming a shorter 
portion of the interferogram. The spectra 
shown in these figures were obtained from 
the same interferogram, using different num-
bers of data points. (None of the spectra 
presented in the paper have additional apodiza-
tion). The spectra show change in the HNO, 
spectra resulting from a change of a factor 
of 2 in spectral resolution. The spectra also 
point up a problem the theoretical calculations 
of such spectra must address. This is the 
calculation of spectra for compounds such as 
IINO, for which the fundamental spectroscopic 
parameters have not been determined but 
which exhibit a great deal of spectral struc-
ture. For HNO, this is handled on the AM. 
listing of spectroscopic parameters by listing 
pseudo lines which reproduce the structure 
given here but are not the lines derived theo-
retically. Spectral resolution is also impor-
tant in studies of the upwelling infrared radia-
tion. Figure 5 shows an example of data 
obtained with this system when viewing the 
nadir. It should be noted that this figure pre-
sents the data in absolute radiance rather 
than relative units. 
5. Summary 
In this paper we have presented high 
1000 
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resolution infrared spectra obtained during a 
balloon flight with a cold interferometer sys-
tem. The sample spectra presented here are 
indicative of the detail which must be ulti-
mately achieved in theoretical studies of the 
flow of radiation in the atmosphere. The 
capability of the models to accurately predict 
radiative transfer in the atmosphere is im-
portant in many of the problems of current 
interest particularly the effect of man's activ-
ities on climate. 
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351. The stratospheric NO has been measured 
extensively since its important role in the 
stratospheric ozone chemistry was pointed out 
(see e.g. WMO, 1982). We have measured 
the stratospheric NO, by using spectrophoto-
meters on board balloons once at Sanriku, 
Japan, twice at Palestine, Texas and three 
time at Syowa, Antarctica. The results of the 
first balloon experiment at Sanriku in 1978 
have already been published (Ogawa et al., 
1981; hereafter called Paper 1), and the data 
of the other experiments now being analysed 
will be reported in near future. In this short 
note we present some empirical estimations 
of errors of the measurement. 
Since the instrumentation and the method 
of analysis have been described in detail in 
Paper 1, they are briefly outlined here. The 
spectrophotometer for the NO, measurement 
is composed of a sun-tracker, a monochromator 
and a photoelectric detector, and measures 
the solar spectrum in the wavelength region 
of 430-450 nm. The spcztrophotometers used 
at Palestine and Syowa arc different from the 
first version described in Paper 1 in the fol-
lowing points: (i) use of a Jobin-Yvon 1120 
monochromator equipped with a holographic 
grating in place of a Nikon P250 monochroma-
tor and (ii) faster data acquisition rate of 1 
spectrum per minute in place of 0.25 spectrum 
per minute. The method of measurement is 
based upon a sort of absorption spectroscopy 
This paper was presented at the Japan-U.S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components", 
Fukuoka. 12 14 June 1984. 
using the sun as a light source. This method 
is different from the usual method of dif-
ferential absorption such as Dobson's method 
for the measurement of total ozone in the 
point that it utilizes all the information con-
tained in the wavelength region. This is 
demonstrated in Fig. 1 ; the NO, column 
density is determined in such a way that the 
calculated spectrum may fit the measured one. 
The density profile can be retrieved from the 
apparent change in the column density during 
sunset or sunrise. 
The errors In the present method may be 
classified into the following three categories: 
(i) random error in the column density, (ii) 
6132 	 £36 	 440 	 444 
Wovriength I..n ) 
Fig. 	Measured and calculated absorption spectra 
o NO,. The measurement was made at 37.5 
km when the solar zenith angle was 92.3*. 
The Fraunhofer lines in the measured solar 
spectrum have already been eliminated by cal-
culating intensity ratios of the measured solar 
spectrum to the reference solar spectrum which 
is free from the NO, absorption. The NO, 
column density deduced is (2.53 ± 0.10) x10" 
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Fig. 2 NO column densities measured on a balloon flown from Syowa (69°S, 40'E) 
on Nov. 24, 1982. At 2120 UT the solar zenith angle reached a maximum of 
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systematic error in the column density and 
(iii) error due to an ambiguity in retrieving 
the number density. 
In the case of a balloon experiment, random 
errors in the column density are mainly due 
to spurious intensity variations caused by the 
error in the solar tracking against random 
motions of the balloon's gondola. The atmos-
pheric flicker seems to be an important source 
of errors during sunset or sunrise. This sort 
of error may be found as a fitting error in 
Fig. 1 or as a dispersion of data points in 
Fig. 2. The lage dispersion of data points 
seen before 160(1 UT in Fig. 2 is due to a 
bobing motion of the gondola during the 
ascent ; and that seen after 0400 11T is due to 
the increase in telemetry noise. Summarizing 
our experiences in the past, one standard 
deviation of errors in the column density is 
3x 10" cm' in daytime and 10x 10" cm -2 dur-
ing sunset or sunrise as seen in Fig. 2. In 
the case of a ground-based observation, the 
atmospheric flicker including disturbances due 
to haze is always the dominant source of 
random errors. One standard deviation of 
errors in the column density is 2 x10" cm 
in daytime and 10 10" cm during sunset or  
sunrise. Since the amplitude of diurnal varia-
tion in the vertical column density is (2 to 3) 
x 10" cm' at mid-latitudes (Noxon et al., 
1979), it is possible to detect the diurnal varia-
tion by averaging 10 to 20 data points meas-
ured with our spectrophotometer. 
A systematic error in the column density 
is caused by an error in the absorption cross 
section and a neglection of temperature de-
pendence in the absorption cross section. 
The absorption cross section used in the pre-
sent method was measured at 300 K by Johnston 
(unpublished data, private communication), and 
the error estimated by the experimenter is 
5%. The temperature dependence of the 
absorption cross section has been reported by 
Hicks et al. (1979). By comparing their re-
sults measured at 235 K and 298 K, the error 
due to this neglection is estimated to be less 
than 15%. 
An error may occur due to an ambiguity 
in retrieving the number density from the 
measured column density. A simple inversion 
method called "onion peeling" is useful to 
derive the number densities at heights below 
the balloon (see e.g. Paper I). The uncer-
tainty in the number densities at heights 
Fig. 3 NO, number density distibutions derived 
from the column densities shown in Fig. 2. 
The uncertainty in the number density comes 
from the random error in the column densities 
and from the ambiguity of the retrieval pro-
cedure. The vertical bars indicate the thick-
nesses of the spherical shells which are as• 
sumed to be homogeneous in the retrieval 
procedure. 
below 25.9 km in Fig. 3 depends mainly on 
the uncertainty in the column density, and is 
about 10%. On the other hand, there is no 
good method to derive the number densities 
at heights above the balloon. We used a 
method described in Paper 1. That is a sort 
of iteration method to find an approximate 
solution which minimizes the residual dif-
ference between the measured and calculated 
column densities. The uncertainty in the 
number densities above 25.4 km shown in Fig. 
3 was estimated from the dispersion of solu-
tions obtained for different values of initial 
guesses. It is found that the uncertainty due 
to this inversion procedure does not vary 
significantly with height, and is about 5x10" 
cm - ' in this case. This fact seems to be ap-
plicable to other cases; if a similar measure-
ment is made at 20 km or at 30 km, the uncer-
tainty in the number density at 35 km due to 
the retrieval procedure will not differ much 
from 5 x10' cm - '. In this inversion procedure, 
a steady state and a spherical symmetry are 
assumed implicitly for the NO, density dis-
tribution. These assumptions are reasonable 
approximations under the sunlit condition 
where dissociation of NO, is occurring, and 
cause an error less than 5% (Kerr et al. 1977). 
Taking random and systematic errors into 
account, the uncertainty in the NO, density 
obtained by our balloon experiment during 
sunset or sunrise is estimated to be 20% at 
heights below the balloon, but it is a com-
posite of a relative uncertainty of 20% and 
an absolute uncertainty of 5 x 10" cm - ' at 
heights above the balloon. 
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Fig. 1 LAS observation on the platform of satellite "Ohzora". Vector fi 
is in the direction from the center to the surface of the earth, and 
perpendicular to the suface. The tangential height is indicated by h. 
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1. Introduction 
In view of the global investigation on 
atmospheric chemistry, there are many advan-
tages to the optical remote sensing on board 
a spacecraft. The Institute of Space and As-
tronautical Science (1SAS) successfully launch-
ed the 9th scientific satellite "Ohzora" (EXOS-
C) on Feburuary 14 in 1984 for studies on the 
atmospheric and electromagnetic circumstances 
of the earth. The limb-atmospheric infrared 
spectrometer (LAS) has been borne on this 
satellite to measure the distributions of atmos-
pheric constituents, i. e. water vapor, carbon 
dioxide, methane, ozone, nitrous oxide, and 
aerosol. These constituents are recently of 
great interest with the relevance to atmos-
pheric chemistry and environmental science. 
For example, ozone is a stratospheric molecule 
of great importance for our human life, be-
cause it absorbs the strong ultraviolet solar 
radiation that is harmful for life. The tern- 
This paper was presented at the Japan•L S. 
Seminar on "Review of work related to sensing 
of stratospheric aerosol and gas components". 
Fukuoka, 12 14 June 1984. 
perature structure in stratosphere is subject 
to ozone chemistry. Since ozone is very reac-
tive, even the reactions with molecules of 
minor-constituents are believed to affect on 
the stratospheric ozone amount. On the other 
hand, the thermal radiation budget of the 
atmosphere is closely relevant to the concen-
trations of water vapor and carbon dioxide. 
Methane and nitrous oxide play the important 
roles in ozone chemistry, i.e. HO. and NO, 
cycles, as well as water vapor. LAS simul-
taneously measures the absorption spectra of 
these molecules. According to the author's 
knowledge, LAS firstly measures the limb-
atmospheric absorption spectra from a satellite. 
As described previously (Matsuzaki 0 al., 
1983a, 1983b, 1984). the measurement of the 
whole spectrum generally gives new and more 
detailed informations compared with the meas-
urement with a band-pass filter. Namely, in 
the present study, not only we can make 
fairly exact analysis of the absorption bands 
of these molecules, but also the analysis of 
the spectra observed confirmed to give the 
stratospheric aerosol extinction. As the first 
report from the I,AS observation, this short 
communication describes the outlines of the 
objective and the instrumentation of the LAS 
observation and the preliminary evaluation of 
the data obtained. 
2. Limb atmospheric infrared spectrum 
measurement 
The illustration in Fig. I shows the rela-
tionship of the locations among the sun, the 
earth, and the satellite for understanding the 
principle of the LAS observation. LAS 
mounted on the satellite going around the 
earth measures the infrared spectra of the 
solar radiation passing the limb-atmosphere of 
various tangential heights. Since these spectra 
of the solar radiation include the absorption 
bands of atmospheric constituents, the altitude 
profile of these constituents can be inferred 
by the analysis of these spectra. 
The —Z-axis, which is defined as the axis 
perpendicular to the solar paddle plane of the 
satellite as shown in Fig. 1, was controlled 
in the direction to the sun. The spectrometer 
is installed on the inside of the solar-paddle 
plane. At the time of this Installation, the 
optical axis of the spectrometer was precisely 
adjusted to be coincident with the —Z-axis. 
Yet, since attitude control of the satellite is 
not sufficiently precise for the spectrum meas-
urement with I.AS, LAS has the two-axes 
controlled solar tracking system. 
Figure 2 gives the schematic diagram of 
the optical system of LAS. The solar light 
comming in this window is correctly introduced 
into the polychrornator by using the two-axes 
	  zss 	  
Fig. 2 Schematic diagram of the LAS optical 
system. The mirrors and grating of the 
polychromator are indicated by m and g. re-
spectively. The dimensions, i. e. width, length, 
and height. are given in mm unit. 
controlled mirror. The spectral image of the 
solar radiation dispersed with the polychroma-
tor is detected with the pyroelectric linear 
array sensor. Since the pyroelectric sensor 
detects only the temperature difference, the 
solar radiation is modulated at a frequency of 
2411z with an optical chopper. 
Since the intensity of the solar radiation 
decreases with the increase of the wavelength 
in the infrared range a wide dynamic range 
is required for the spectrum measurement over 
a wide wavelength range. Therefore, as 
shown in Table I, I.AS measures the spectra 
of the solar radiation in three wavelength 
ranges, i.e. 1.6 2.1 pm. 2.8 .1.8 pm. and 8.8 
10.2 pm for a better spectral resolution and a 
wider dynamic range. The 32-element and 
64-element self-scanning pyroelectric arrays 
Abstract 
For the global investigation on ti 3O, COr, CHI , Or, N 10, and aerosol in the middle atmos-
phere, the limb-atmospheric infrared spectrometer (LAS) on board the satellite "Ohzora" 
has been launched from Kagoshima Space Center, Japan, on Feburuary 14, 1984. This letter 
discusses the characteristics of the LAS observation. 
EXOS.0 SUMMARY PLOT REV.01023 	84 , 04721 11:49:52 3-I 
I  filOriarre 
 
• 
Fig. 3 The infrared spectra actually measured with LAS in orbital 1029. 
The horizontal axis represents time in minute from 119952 UT on April 
23, 1984. In the vertical axis, MAX. INT. represents the maximum 
signal intensity of each spectra, and SI (channel 0-31), S2 (channel 0- 
63i. and S3 (channel 0 151 indicate the spectra in wavelength ranges 
I. II. III, respectively. 
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(Roundy 1981) are used fur the spectral meas-
urement in wavelength ranges 1 and II, re-
spectively. Since the sensitivities of these 
self-scanning type detectors are insufficient 
for the measurement in wavelength range Ill, 
we measure the spectrum in this range by a 
lock-in amplifying technique with the 16-
element pyroelectric array that has the pre-
amplifier for each element. 
The spectral data measured with LAS are 
processed with a microcomputer-based data 
processing unit and recorded with a recorder 
on the satellite and transmitted to the ground 
with telemetry systems at KSC (Kagoshima 
Space Center) in Japan and Esrange in Sweden. 
The real-time data also can be acquired at 
the Antarctic Syowa Base. The measure-
ment is controlled by the organized command, 
which is a kind of the programing command, 
system. 
The satellite was launched from KSC at 
1700 JST on Feburuary 14 in 1984. After 
several technological operations for about two 
weeks, LAS was confirmed to measure the 
high quality limbatmospheric infrared spectra. 
Thereafter this spectrometer continues the 
observation to get the global data. 
3. On informatione obtained from LAS 
Figure 3 shows the spectra actually meas-
ured around 114952 UT on April 23 in 1984 in 
orbital 1029. The signal intensity of each 
spectrum is displayed by twelve contrasts of 
lightness. The spectra were measured in the 
day-side. With the lapse of time, i.e. as the 
satellite was going on its orbital, the tangen-
tial height decreased ; then the absorption 
intensity and the scattering extinction in- 
The data show that two-axes CCM-
trolled mirror correctly introduced the solar 
radiation into the spectrometer until the mo-
ment of the sunset. Thereafter, from around 
115852 UT, the spectrometer successf ully meas-
ured the spectra of the solar radiation from 
the moment of the sunrise for the satellite. 
By the analysis of these spectra we could 
confirm that LAS measured the absorption 
bands from water vapor in the first wavelength 
range, methane, carbon dioxide, and nitrous 
oxide in the second wavelength range, and 
Fig. 4 As a function of serial pixel-number 
(channel), i.e. wavelength, the extinction in-
tensity obtained for the spectra measured in 
wavelength range I during orbital 780. Solid 
line; total extinction, dotted line; scattering 
extinction from aerosol. The subtraction be-
tween them gives the absorption extinction 
from water vapor. 
ozone in the third wavelength range. Fur-
thermore, the total extinction, which was ob-
tained by the integration of the extinction 
over the wavelength range, was confirmed to 
include the scattering extinction from the 
stratospheric aerosol. For example, Fig. 4 
shows the extinction intensity of the spectrum, 
which was measured in range 1 during orbital 
780. The total extinction intensity, the solid 
line in Fig. 4, includes both the absorption 
extinction from water vapor and the scatter-
ing extinction from aerosol. The molecular 
scattering extinction calculated with the aid 
of the standard atmospheric model (Valley 
1965) turns out to he much smaller than the 
absorption extinction from water vapor and 
the aerosol scattering extinction in this wave-
length range. Factly, we cannot find out any 
steep dependence on wavelength. i.e. the 
evidence of the minus fourth power dependence 
on wavelength, for the scattering extinction 
in the present spectrum. The analysis of the 
profile of the spectrum of water vapor gives 
the best mixing ratio of the scattering ex-
tinction from aerosol, the dotted line in Fig. 
4. The wavelength dependence of the scat-
tering extinction from aerosol utilizes the 
polynominal function that best fits the typical 
aerosol model (Valley 1905). The data analysis 
made in this way confirmed that the mixing 
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2.8-4.8 pm 	64-element LiTaO, linear array 	CO,, CH,, NO, H SO, aerosol 
8.8-10.2 pm 	16-element PbTiO, linear array 	O. 
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ratio of the scattering extinction from aerosol 
varies with altitude. Thus we can seperate 
the absorption extinction from water vapor 
and the scattering extinction from aerosol for 
the spectra measured in range I. The result 
of data analysis will be reported elsewhere. 
We should pay attention to the fact that this 
data analysis was made without any serious 
assumption nor estimation. This is attributable 
to the measurement of the "whole" spectrum. 
We here discuss on the characteristics of 
the LAS observation. First, LAS measures 
the "whole" spectra of the solar radiation. 
Therefore, we can make data analysis to get 
the atmospheric constituents distribution with 
the aid of the least-square curve-fitting tech-
nique and/or the integration of the absorption 
intensity over the wavelength range. These 
methods enable us to estimate correctly the 
scattering extinctions from the stratospheric 
aerosol and atmospheric molecules. Further-
more, we can effectively exclude the effect 
from the curve-growth of the absorption band. 
In addition to these, since the dispersions of 
data are statistically averaged in the process 
of data analysis, the signal-to-noise ratio can 
be greatly improved. On the other hand, 
these excellences cannot be given in the meas-
urement with a band-pass filter. A photo-
meter with a band-pass filter usually measures 
the signal intensity of the single narrow 
wavelength range without the scan of wave-
length. Since this signal intensity measured 
with the photometer includes both the absorp-
tion and scattering extinctions from various 
atmospheric constituents, we must make our 
efforts to estimate all these extinctions trom 
only one of the data. Yet, this estimation is 
impossible in view of scientific logic. Namely, 
while we can estimate the molecular scatter-
ing extinction by using the standard atmos-
pheric model, what can we do for the evalua-
tion of the absorption and scattering extinc 
tions from the aerosol? Consequently. in this 
case, we cannot evaluate the molecular ab-
sorption extinction, either. 
The second characteristic of the present 
observation is the limb-atmospheric measure-
ment ; this solar occultation method is best to 
get the altitude distribution of atmospheric  
constituents. Namely, since we can measure 
the spectra of the solar radiation passing 
various altitudes of the limb-atmosphere, the 
altitude profile can be easily obtained by solv-
ing the triangle matrix L of the simultaneous 
equations. i.e. 1'=A•1., where, T, A, and L 
are the matrices for the integrated extinc-
tions actually observed, the extinction cross-
section for each altitude, and the pass lengths, 
respectively (Matsuzaki et al., 1983). By con-
trast, if the spectra of the solar radiation 
unquenched by atmospheric constituents are 
unavailable, the matrix L is not triangle and 
the magnitudes of the matrix elements are 
not much different each other. In that case, 
it is difficult to solve the simultaneous equa-
tions T=A•L, because the error for the 
numerical analysis becomes extremely large. 
Yet, since LAS can measure the spectra in 
which the absorption and scattering extinc-
tions from the atmospheric constituents are 
negligibly small at higher altitudes, we can 
get triangle matrix 1. which can be solved 
without exception. 
In order to make the best application of 
the solar occultation method, we also devise 
the vertical slit in LAS for better altitude 
resolution. The LAS optical system with 
two-axes controlled mirror makes the solar-
disk image on the center of the entrance slit 
of the polychromator, then the vertical slit. 
which is put on the entrance slit, cut the 
solar radiation of other than the center of the 
solar disk. Since the orbital of the satellite 
has approx. 865 km of apogee, approx. 354 km 
of perigee, and approx. 74.6° of inclination, 
the whole solar disk, whose view angle is 
approx. 0.5°, includes the solar radiations that 
pass the atmosphere of 20-40 km altitude 
width. By using the vertical slit, LAS can 
measure the limb-atmopsheric spectra with 
better than 4 km altitude resolution. 
In addition to these, another characteristic 
of the LAS observation is the simultaneous 
observation of FVI, CII„ 0„ aerosol, and 
NA). It is of great interest to study on the 
distributions of these constituents by the 
measurement under the same condition, be-
cause their distributions vary with time. 
While the idea of the simultaneous observation  
of atmospheric constituents has already re-
alized by a multicolor photometer with band-
pass filters (Chu and McCormick, 1979), there 
is a difference between it and LAS, i.e., LAS 
measures the "whole spectrum" of each atmos-
pheric constituent. 
4. Conclusion 
The limb-atmopsheric infrared spectrometer 
(LAS) mounted on the satellite "Ohzora" 
(EXOS-C) can successfully measure the whole 
spectra of the infrared solar radiation passing 
the limb-atmosphere. The present spectral 
measurement based on the solar occultation 
method would enable us to make data analysis 
to get the highly qualitative results. It is 
attributable to the facts that the quality of 
the data is high, and tint we can use the 
mathematical techniques suffi as a least-square 
method in data analysis, etc. 
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